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Abstract
The excitation of quasiparticles, like the investigated excitons and plasmons here, are the
optically most prominent responses of materials. In nanostructured system, the sample quality is
crucial for quantitative investigations of these optical excitations. We used electron beam
evaporation, nano-second laser dewetting, and electron metalorganic chemical vapor deposition
techniques to prepare well-defined and “clean” transmission electron microscopy (TEM)
samples. Electron energy-loss microscopy (EELS) performed in STEM mode was employed to
investigate the structural and electro-optical properties. Quantifit software was used to analyze
the EELS spectra quantitatively in terms of inelastic scattering probability, energy and lifetime.
We found that the ferroplasmon originates from induced excitation by the Ag’s intrinsic dipole
mode at low energy, and it has a redshift with increasing particle size. Because the bimetallic
system is associated with one dipole mode only, the ferroplasmons is strongly dependent on
geometry. Disc-skirt AgCo nanostructures also show ferroplasmons because plasmon excitation
mode of Ag disc is similar in geometry to Ag spherical, while the nanotriangles and nanobowties
did not show a ferroplasmon. The bulk plasmon (BP) did not have a significate change from the
pure metals to the metals in the bimetallic systems, indicating that the electron density did not
change through the contact of the metals.
In semiconductors, high binding energy excitons were detected universally at room temperature
by EELS for the first time. The states associated with these excitons were identified as
molecular states. The singlet S0 state can be directly excited to the triplet T1 state by electrons,
even though the transition is forbidden optically. The conclusion on molecular states was based
on the fact that this excitation can be bleached with time, and recovered in minutes. Bandbending was observed when the semiconductor is in contacting with Au nanoparticles. This
exciton has a signal reduction and blue shift introduced by the band bending. The higher energy
exciton can be excited from the S0 state to the singlet S1 state when the band bending is large

v

enough. The distribution of the point defects can be mapped with high precision through
mapping the intensity of the exciton.

Key words: Quasi-Particles, Ferroplasmons, Excitons, EELS, Excitation
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Chapter 1 Introduction
This work is focus on the characterization of quasi-particles in nanostructured systems.
Common quasi-particles are plasmons, excitons, and phonons. In this chapter first plasmons
and then excitons are explained. The motivation for this work resulting from this background is
described in part 1.3.

1.1 Plasmons
A plasmon is a quasi-particle originating from collective oscillations of free valence electrons1-2.
The concept ‘plasmon’ was first introduced by David Pines and David Bohm in 19523, proposing
to explain the energy loss of fast electrons passing through a metal foil4. Plasmons have a great
effect on the optical properties of materials5, especially metals. For example, many metals look
shinny which originates from the fact that the wavelength of the incident lights is lower than their
plasmon frequency, and therefore their electric fields are screened by the metal6-7. While some
metals (like Cu and Au) have specific colors because those metals have a plasmon in the visible
range. The unique color of some semiconductors is also related to plasmons8. Metallic
nanostructured particles have been used in photo-catalysis9-14, Plasmonic photo-thermal
therapy (PPTT)15, biosensor9, 16-19, nano-photonics20-23 and solar energy harvesting24-27 due to
their plasmonic behavior.

1.1.1 Localized surface plasmon
When a plasmon is excited at the surface of the materials, this plasmon is a so-called surface
plasmon28-29. Localized surface plasmons (LSPs) are the locally confining a surface plasmon in
a nanostructured system whose dimension should equal to or less than the wavelength of the
incident light30-32. With the fast development of synthesis techniques of metallic nanostructures,
the localized surface plasmon resonances (LSPRs) have attracted a lot of attention. Detection
of LSPs can be performed by light33-34, surface-enhanced Raman scattering35-39 and electron
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beams40-46. A far-field light can be localized to smaller dimension than the diffraction limit
through the excitation of LSPRs. Many applications based on this phenomenon have been well
developed, such as Raman spectroscopy (SERS)47-48, plasmonically enhanced photovoltaics
(PV)49-53 and subwavelength waveguides2, 54-56. The plasmon is critical to relate photonics and
the electronic structure of nanostructured materials57. The plasmon energy can be estimated by
the Drude model58-59.
1.1.1.1 Material dependency
Because plasmons are excited from the oscillation of valence electrons, metals or alloys
containing substantial free electron are the most common materials used to fabricate plasmonic
devices. Surface plasmons exist at interfaces between metal and dielectric material60 i.e. air
where the sign of the real part of the dielectric function changes from negative to positive. The
dielectric function is comprised of two components, the real part (Ɛ1) which describes the
response to an applied electric field, and the imaginary part (Ɛ2) which is associated with
energy-loss61. Therefore, the optical energy-losses (absorption) of the materials are associated
with values of Ɛ2. In contrast, the loss function of EELS is related to the imaginary part of
negative reciprocal of the total complex dielectric function: Im (-1/Ɛ)61. However, interband
transition in metals can also cause strong absorption in the visible and ultraviolet light ranges.
Previous reports62-63 showed that there are large losses even in the metals with highest
conductivities such as Ag, Au and Cu.
The major energy-loss mechanisms in the visible, near-infrared and soft-UV light range are
more or less associated with conduction electrons and interband transition. Energy-losses for
conduction electron originate from the interaction between the electrons and the (quasi)particles
such as electrons, phonons and defect states. When applying an electromagnetic field, the
response of the conduction electrons is sufficiently described by the well-known Drude theory
(dielectric function):
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𝜔𝑝2
𝜀1 + 𝑖𝜀2 = 1 −
𝜔(𝜔 + 𝑖𝛤)

(1-1)5, 61, 64

𝑛𝑒 2 1/2
𝜔𝑝 = [
]
𝜀0 𝑚∗

(1-2)5, 61, 64

In Eq.(1-1), 𝛤 = 1⁄𝜏 is the damping constant which is inversely proportional to the mean
relaxation time 𝝉, and ωp is the frequency of plasmon which is dependent on the volume density
of conduction electrons (n), the electron charge (e), dielectric constant in vacuum 𝜀0 and the
effective mass of the electrons. The derivation procedures of those equations are well described
in Egerton64.
In an optical absorption experiment the signal is related to 𝐼𝑚(𝜀), while the volume loss function
in EELS is related to the dielectric function as 𝐼𝑚(−1/𝜀). The volume loss function is only valid
while going through the sample while in aloof conditions the surface loss-function (𝐼𝑚(−1/(𝜀 +
1)).) is the one probed by EELS. For Ag both surface and volume loss functions are practically
indistinguishable61.
Different materials have different dielectric functions. As a result, not all elements have strong
surface plasmon resonances. Of single element materials, only Al, Cu, Ag, Au and all the alkane
metals have strong surface plasmon resonances5,

65

. Among those metals, silver has the

strongest surface plasmon response with lowest energy-loss in the visible and near-infrared
light ranges66-67. However, the alkaline metals are too chemically active to exist as a pure
element, and easy to form ionic compounds. Al and Cu are easy to oxidize. Therefore, Ag and
Au are the two most common metals for plasmon application. Many ancient crafts were related
to plasmon responses from these two metals. One of most famous examples is the Lycurgus
cup coating with gold nanoparticles (NPs), leading to changes of colors. For compounds, it is
well known ITO (indium tin oxide)68, and AZO (aluminum-zinc-oxide)69-70 have strong plasmon
responses. More explicit information can be found in reference (Ref)5.
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The surface of Ag NPs oxidizes fast in air71-72. As a result, this surface oxidation leads to
significant degradation or even failure of plasmonic performance of the NPs. However, previous
study showed that oxidation rate of Ag NPs can be highly reduced73. It has been reported that
the oxidation of Ag nanoparticles can be significantly suppressed when Ag contacted with Co
NP. As shown in Figure 1-1from the Ref73, Δλ is inversely proportional to the full width at half
maximum (FWHM) of the plasmon peak, which is then 1/FWHM. The variable 0 refers to the
initial time when the NPs were just made, and the variable t refers to the time elapsed after the
NPs were made. Δλ(0)/Δλ(t) can provide a measure how FWHM of plasmon peak degrade
quantitatively. The Δλ(0)/Δλ(t) of the pure Ag fell by 25% about 500 hours. In comparison, the
Δλ(0)/Δλ(t) reaches to the same value about one order of magnitude of time longer for the AgCo.
This plot unambiguously shows that AgCo is much more stable than pure NPs. The life time of
the plasmonic material is around 10 times longer in the AgCo nanostructured system. Therefore
it can be used to study the plasmonic phenomena with little interruption from oxidation.

Figure 1-1 Plasmonic degradation of pure Ag and AgCo NPs by measuring the
normalized inverse FWHM of the LSPR peak of NPs from Ref.73 AgCo NPs show
significantly more stable behaviors than pure Ag NPs.
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1.1.1.3 Shape and size dependence
The plasmon behaviors of nanomaterials are effectively controlled by their shape and size74-78.
As mentioned, Ag is one of most investigated plasmonic materials with tremendous application,
and therefore we use Ag NPs as an example in the following discussion.
The LSPR properties of the Ag nanostructures are strongly dependent on their geometries 79-80.
Table 1-1 from Ref81 shows LSPR absorption ranges in different geometries of Ag
nanostructured systems. In general, plasmons of materials with different geometries have
different excitation modes. The different plasmonic modes form different standing waves within
the structures. Therefore, the number of plasmon excitation modes increases as the structure
becomes less symmetric82. For example, a spherical NP only has two main plasmon excitation
modes83, while a triangle-shape NP has three main plasmon modes84. In Figure 1-2, the
schematic images of different excitation modes in different Ag nanostructures. Figure 1-2 (a)
and (b) show the dipole mode and multiple mode of the spherical Ag NP, respectively83,

85

.

Figure 1-2 (c) and (d) indicated the dipole modes and hexapole modes of Ag nanotriangles 79.
The symmetry of the sphere is higher than that of a triangle. The geometry can also be
influence on the position of the LSPR peak79. Although the sharp dipole resonances dominate
the spectra in both spherical and triangular NPs, the energy-loss of triangular NPs have a redshift of about 1 eV compared to the spherical one79, 83.

Table 1-1 The LSPR of Ag nanostructured systems in different shapes from the Ref. 81

Shape

LSPR (nm)

Sphere and quasi-sphere

320-450

Cube and truncated cube

400-800

Polygonal plates and disc

350-1000

Spheroid

350-900
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Figure 1-2 Schematic of different excitation modes in different Ag nanostructures from
Ref.

79

. (a) dipole mode and (b) high-ordered multiple mode indicated the two mainly

excitation modes of the spherical Ag NPs

83, 85

; (c) dipole modes and (d) hexapole modes

were the two main excitation modes of Ag nanotriangle. 79
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In addition to shapes’ effect, the plasmons’ peak position, the numbers of the plasmon’s
excitation modes and plasmon peaks, and even the inelastic scattering ratio can be varied
through changing the NPs’ size86-87. There is a trade-off for the selection of particle sizes among
many competing factors. The LSPR behaviors of many nanostructured systems of Ag have
been reported to depend on their particle sizes like nanotriangles88, nanospheres86, and
nanorods89. In Ag nanotriangles, the plasmons have three main excitation modes. They have a
dipole mode at the corners, a hexapole mode at the edges and a breathing mode in the center.
Nelayah reported that the positions of all these three plasmon peaks have their unique red-shifts
with increasing particle size88. Many previous works reported that there was just one dipole
plasmon mode in a spherical Ag NP with small size. However, both dipole and multipole
excitations possibly exist in large particles because large particles can scatter light more
efficiently83. The oscillation frequency of the collective electrons becomes lower with the particle
size increasing, and thus a red-shift of the dipole resonance peak occurs59. Even in a quantum
sized particle (3nm to 20 nm), the position of the surface plasmon peak has a red-shift with
increasing particle size90. Another example is Ag nanorod reported in the Ref 81, which has two
distinct LSPR modes based on the elongated geometry. The longitudinal modes is excited along
the long axis and transverse modes along the short axis.81, 89

1.1.2 Bulk plasmons (BPs)
Bulk plasmons are the oscillations of the valence electrons of the bulk of the NPs. They are
associated to the optical and dielectric behavior of the bulk of the materials. The energy-loss of
the BPs is located in the low energy region (below 100 eV) of an EELS spectrum because the
valence electrons are from the outer shell of an atom (mainly valence band excitation)64. Their
excitation modes can be approximated as Drude plasmon modes91. However, Drude theory only
describes the response of a free electron gas and more complex theories are needed for bound
electrons. This breakdown of the free electron assumption will be illustrated in the case of Ag.
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Drude theory would result in plasmon energy of 9 eV for one valence electron per atom and the
atomic density of silver61, 92. The interband transitions renormalize the bulk plasmon to about 3.8
eV originating from excitations from the 4d band to states above the Fermi level91, 93-94. This
behavior and the momentum dependence of energy loss function of pure metals have been
studied by Alkauskas in 2013 with more sophisticated ab initio methods.91

1.1.3 TEM sample preparation
There are many methods to detect plasmons. For optical and electric properties of the individual
NPs95-97, EELS technique is one of the best tools85. However, TEM sample preparation, which is
critical for EELS, has been a big challenge for researchers in the past years 98-101. The samples
must be prepared to be ultra-thin, contamination-free (including free of polymers) and oxidationfree in the preparation process102. After the efforts of many scientists, many methods have been
developed to prepare high quality and low cost experimental samples. For example, the sizes
and shapes of metallic spherical NPs can be easily tailored by a chemistry-based synthesis.
However, there are some polymers and/or other ligands involved in this progress and they are
difficult to remove43. As a result these by-products contaminate the NPs when an electron beam
causes the hydro-carbons to decompose. To overcome this contamination problem, thin Si3N4
membranes are used as an alternative substrate84, 103-105. The NPs are deposited on Si3N4 TEM
grid directly to minimize contamination. However, the Si3N4 film has to be made extremely thin
for the acquisition of high quality EELS signals. As a result, the probability of breaking the
electron transparent window is high in any processing step. Especially laser irradiation
necessary to form spherical NPs causes the thin windows to break. Now, a strategy to solve this
problem is to deposit Si3N4 on the holey carbon support film of a TEM grid. This solution is good
in theory, but in practice it is too expensive for a large volume of tentative experiments. To
prepare contamination-free and cheap TEM samples, Sachan found a good method, which was
consisted of deposition of an electron transparent material as substrates and the float-off
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technique102. In this work, this float-off technique was used mostly and further developed as
described in chapter 2.

1.2 Excitons
An exciton is a quasi-particle associated with the excitation of an electron-hole pair. The exciton
was initially proposed by Frenkel in 1931 by the observation of energy transfer from the photon
to heat106. A hole appears in the valence band when an electron in valence band is excited to
the conduction band. As a result, the hole contains a positive charge, which then bounds to the
excited electron through Coulomb interaction. The energy of the exciton is less than the energy
difference between unbound electron and hole. This binding energy is generally small in the
semiconductors. This kind of exciton is called a Mott-Wanier exciton107. Generally an exciton is
a quasiparticle generated through the interaction of an electron and hole. A Frenkel exciton is
generated when the ground state is associated with a point defect and is much more localized.
These Frenkel excitons have generally higher binding energies than Mott-Wanier excitons. The
exciton Bohr radius (some studies called bohr radius or exciton radius) is the distance between
an electron and hole108. A short exciton radius refers to smaller distance of electron-hole pair,
and thus stronger interaction. The Frenkel excitons refer to a strongly bound electron-hole pair.
Applications of exciton excitation involve exciton reactors109-111, exciton antennas112-114, highly
fluorescent dyes115-117, far infrared photovoltaic (single-walled carbon nanotube)118-120, and plant
nanobionics121-122.

1.2.1 Singlet/Triplet Molecular States
In quantum mechanics, 2 electrons can form a molecular state123. The singlet is the energy
states with zero total spin S= 0. The singlet state S0 as the ground state of most molecules has
spin-paired electrons. Its electrons spin Eigen function is anti-symmetric with regard to spin
exchange as

1
√2

(⇅ −↓↑). Higher laying singlet states like the first excited singlet state S 1 have
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the same behavior. Because the transition does not need a spin-flip these excitations are
optically observable. The triplet state is the energy state with a total spin of one S=1, which
have three magnetic components MS: -1, 0, +1. The spin Eigen functions are symmetric and
can be noted by ⇈ 𝑜𝑟 ⇊ 𝑜𝑟

1
(⇅
√2

+↓↑) . The excitation form a singlet state to a triplet state is

optically forbidden and the lowest triplet state is therefore often long-lived. The first triplet state
has to be always slower than the first excited triplet state. Triplet states are, because of their
long lifetime, the basis for phosphorescent materials.

1.2.2 Point Defect States in GaAs
The so-called EL2 (deep donor) is the most dominant point defect in GaAs124-126. This defect has
2 electrons and is overall neutral. It is an intrinsic point defect probably involving one or more As
antisites in GaAs124. Figure 1-3 shows the schematic Jablonski diagram of GaAs. There are 3
states in this Jablonski diagram. S0 and S1 are singlet states, and T1 refers to triplet state. There
are two electrons on the S0 ground state. This defect level with two electrons below the Fermi
level is enough to produce a molecular state. The ground state of this defect has been identified
as a S0 state in GaAs Another singlet state S1 above the Fermi level was also reported 127-130.

Figure 1-3 Schematic image of the Jablonski diagram of GaAs.
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1.3 Motivation and overview
1.3.1 Motivation I
Ferroplasmon is a strong localized surface plasmon resonance (LSPR) in the visible light range
with a long life-time that can be compared to one of the best plasmonic materials Ag 131. This
plasmon is excited in normally non-plasmonic transition metals when these metals are in
contact with the plasmonic material. Our group as a first discovered this phenomenon in Ag-Co
bimetallic nanostructured system where the non-plasmonic Co is in contact with the plasmonic
Ag, as shown in Figure 1-4131.
A previous report explains this new plasmon in the bimetallic NPs in terms of hybridization of
plasmons. These results indicated that further explorations of plasmonic and non-plasmonic
metal NPs in contact can lead to new and unexpected optical properties. This discovery has
also great potential to design new plasmonic systems and widen the choice of plasmonic
materials for new as well as existing applications.

Figure 1-4 Ferroplasmon in non-plasmonic metal Co when Co contacted with plasmonic
Ag.131
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However, the excitation mode of the ferroplasmon has not been fully understood yet. Therefore,
we provided an extended investigation of the ferroplasmon on epitaxial AgCo bimetallic NPs
based on our previous research, and built a ferroplasmon excitation mode in this nanostructured
system. Moreover, we have performed systematic studies on the dependence of particle sizes
and geometries on the ferroplasmon behaviors for a deeper understanding in the following
research. Furthermore, we also have studied the presence of the ferroplasmon phenomenon in
other systems and the behaviors of the bulk plasmons on different systems. The plasmon part
of this work is detailed in chapter 3.

1.3.2 Motivation II
Due to the weak bound of the electron and hole pair in a semiconductor, the life time of the
excitons is normally very short. Though the spatially indirect excitons possess a much longer
lifetime, it is often detected as cool excitons at very low temperatures. 132-133
We surprisingly detected excitons with that kind of behavior in various semiconductors at room
temperature by monochromated EELS for the first time. In Figure 1-5, we observed that the high
binding energy exciton’s height (the highest value of the exciton in the spectrum) is over 50
times higher than that of normal exciton (Wannier-Mott exciton). To understand the excitation
mode of this exciton, we investigated the details of the excitons in GaAs-AlGaAs-GaAs core
multi-shells NW.
Point defect distributions are only reported only for heavy atoms in alight matrix133-135,
interstitials136-138, and in 2-D materials139-143, but not in 3-D materials. Because of the high
intensity of the exciton originating from point defects, the distribution of these defects can be
mapped in 3-D semiconductors with EELS. With this method we were able to characterize the
defectiveness of core-shell semiconductor nanowires. Additionally, we studied the band bending
which arises when the semiconductor nanowires are in contact with Au NP A state buried in the

12

conduction band without band bending allowed us to investigate the extend geometric extent of
this nano-scale Schottky contact144-145. The exciton part of this work can be found in chapter 4.

Figure 1-5 EELS spectrum on a logarithmic scale was taken from the inside GaAsAlGaAs-GaAs core multi-shells NW. The intensity of the lower energy Frenkel exciton is
much higher than that of the higher energy Wannier-Mott exciton.
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Chapter 2 Experimental Method
In this chapter, all the methods involved in this study will be described. To synthesize the
nanostructured samples characterized by TEM, electron beam (E-beam) evaporator,
nanosecond (ns)-pulsed laser dewetting and electron metalorganic chemical vapor deposition
(MOCVD) techniques were used. These synthesis techniques in conjunction to a transparent
substrate float-off technique yielded superior TEM samples. These techniques are discussed in
section 2.1. The structural and electro-optical characterizations with high spatial and energetic
resolutions were investigated mainly with the TEM Libra 200MC by Carl Zeiss, Inc. The electron
microscopy techniques are described in section 2.2. Digital micrograph and Quantifit software
were employed to analyze all the data. These methods are described in section 2.3.

2.1 TEM sample preparation
There are two nanostructured materials systems in this study: one is in-house made metallic
nanoparticles (NPs); the other is the semiconductor nanowires (NWs) made by collaborators in
Canada.

2.1.1 Metallic NPs synthesis and TEM sample preparation
There are two morphologies of the metallic NPs. They are the spherical NPs and nanotriangles.
To synthesize the metallic NPs, an E-beam evaporator was used to deposit thin films146. Nspulsed Laser dewetting was used to fabricate the self-organized spherical NPs147-149, and NSL
technique was performed to obtain large area of ordered nanotriangles150-153. An electrontransparent substrate float-off technique was used to prepare TEM samples102. All metallic TEM
samples were prepared within our group in the facilities located in the SERF building at UTK.
2.1.1.1 Spherical NPs
Self-organized metallic spherical NPs152,

154

on thin carbon (C) support films were used to

understand the microstructures and the excitations of plasmons in bimetallic NPs. TEM
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techniques involving STEM imaging and EELS were used to characterize the nanostructures.
To prepare contamination-free and low-cost TEM samples, Sachan et al. developed a novel
method, realized by using electron transparent material as substrates and an float-off
technique102. The method involves 4 steps: 1) Deposition of amorphous C film 155 on mica 2)
Deposition of metal films above the C film and mica substrate 3) Fabrication of spherical NPs by
irradiating the thin metal films in air. 4) Transfer NPs on lacey carbon TEM grid using float-off
technique. The details were shown in the reference100. The signal of the plasmon peaks
decrease with increasing thickness of the carbon film, so the C substrate must be as thin as
possible. After ns-pulsed laser dewetting, there were just several small and scattered regions of
NPs left on the C substrate because most of the ultrathin a-carbon films were burn away due to
the irradiation with the laser beam. Hence, it was difficult to peel off the NPs from the substrate
to the surface of the deionized (DI) water, especially when the C film was thin while the laser
energy was too high. Furthermore, even if the NPs were successful floated-off onto the surface
of the DI water156, it was still difficult to capture the NPs because of the separation of the Csubstrate. Hence, we had to put many TEM grids on the bottom of the Buchner funnel (covered
with filter paper) to increase the probability of getting good TEM samples. Therefore, this
method had to be improved for higher efficiency and reliability.
To increase efficiency and get reliable TEM samples, we developed two new methods based on
previous study. Method 1: Changing the sequence of procedures in the previous method, and
improving electron transparent substrates float-off technique. Method 2: A novel method using
lacey carbon TEM grid as substrate directly. Both of those two methods have two similar steps
but in a different sequence. 1) Thin films deposition by E-beam evaporator. 2) Spherical NPs
fabrication by ns-pulsed laser dewetting technique.
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2.1.1.1.1 Development of new TEM sample preparation—Method 1
Method 1 was based on the electron transparent substrates float-off and ns-pulsed laser
dewetting techniques. It optimized the experimental route, and made it more efficiency, reliable,
and convenient than the previous one reported by Sachan102. It shortened the experimental
period via solving the substrate float-off problem and increasing the probability of getting a good
TEM sample. Moreover, it also saved TEM grids and shortened the search-time during TEM
sessions.
Figure 2-1 shows the schematic images of the preparation procedure of the bimetallic quasispherical NPs. There were 2 steps in this procedure: substrate preparation and fabrication of
spherical bimetallic NPs. Step 1 was the preparation of the substrate, which involved C film
deposition and fabrication of the thin C film covered lacey C TEM grid substrate. The V-2 grade
mica with many layers purchased from Electron Microscopy Sciences Inc. is easy to cleave. The
mica cut to 2 cm X 2 cm was split into two pieces from the center by fine-pointed tweezer. The
freshly faces of the mica were used as the bottom substrate. We put the mica on a clean white
ceramic chip and then deposited the C film with a SPI Inc. carbon coater under a vacuum of
10−4 Torr.157 According to the color change of the ceramic chip, we can estimate the
approximate thickness of the a-carbon film, which was usually around 15 nm in this step. After
the deposition, the a-C film was treated by an Argon plasma to make the top surface of the
carbon hydrophilic. The plasma treatment was done for 10 s using a Technics Inc. instrument
operating at a voltage of 8 V and a current of 10 mA. These plasma treated a-C substrates
could retain their hydrophilicity for almost 24 h, and the thickness of the a-C became ultrathin-around 5 nm. After getting the thin C film, we transferred it onto the surface of the DI water
contained by a Buchner funnel. Due to the hydrophobic nature of carbon and the weak forces of
adhesion between the carbon and the mica surface, the surface tension of water was able to
separate carbon from the mica surface resulting in an electron-transparent C substrate102. And
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then, we can capture the thin C film onto lacey carbon TEM grid from the DI water, because the
bond energy of C-C was much higher than C-water102.
Step 2 involved monolayer/bilayer metallic films deposition and self-organized spherical
bimetallic NPs fabrication. We put the lacey carbon TEM grid covered thin C film in the high
vacuum chamber to deposit metallic films. An E-beam evaporator was used to deposit Ag, Co
and Fe films at a base pressure of 2 X 10-8 Torr. Ag and Fe film deposition was done by a
Mantis QUAD-EV-HP bottom E-beam evaporator with a deposition rate of around 6 nm per
minute (nm/min) for Ag and 3 nm/min for Fe, while Co film was deposited by a Tectra top ebeam evaporator with a deposition rate around 1 nm/min. The metal evaporation sources used
for the film deposition were purchased from Alfa Aesar Inc with a purity of 99.999%. To get halfhalf bimetal NPs, the thicknesses of the Ag, Co and Fe films were usually more or less the
same. After monolayer/bilayer metallic films deposition, we used a neodymium-doped yttrium
aluminum garnet (Nd-YAG) laser (Spectra Physics model Lab-150-50) with a Gaussian-shaped
pulse with a pulse width of 9 ns, wavelength of 266 nm, and repetition rate of 50 Hz, to fabricate
the quasi-hemispherical NPs. We performed the ns-pulsed laser dewetting technique to the thin
films in the air at normal incidence. The mechanism of the ns-pulsed laser dewetting involved
melting the metallic films by nanosecond laser pulses. The density of the laser energy was
between 70 and 90 mJ per cm2 up to the entire thickness of the films. More details about nspulsed technique were reported by Sachan102. Otherwise, the irradiation time also depended on
the film’s thickness and the material of the substrate. In this study, the irradiation time was 5-10
seconds for 3-6 nm monolayer film, and 10 seconds for the 6 nm bilayer films on thin C
substrates.
Figure 2-2 shows a high-angle annular dark-field (HAADF) image of spherical bimetallic NPs of
AgCo on C substrate, which was prepared by the method 1 as shown in the above schematic
image. The irradiation laser energy of Ag NPs is lower than that of Co 158 because the melting
point of pure Ag (961 ºC) is lower than that of pure Co (1495 ºC). Hence, the Ag film was
17

deposited below the Co film. The thicknesses of the Ag and Co films were around 3 nm and 2
nm, respectively. The irradiation time was 7 seconds. The brighter and darker side of the NPs
represented for Ag and Co because the contrast of the HAADF image depended on the atomic
number (Z) of the element. It will be described in section 2.2.1. The size of the bimetallic NPs
was from tens of nm to hundreds of nm to satisfy our size dependent plasmonic research. The
measurement of the films’ thickness will be introduced in the section 2.3.2.

Figure 2-1 Schematic images of the procedure of synthesis the bimetallic quasi-spherical
NPs. Step 1) is preparation of substrate, which involves a-carbon film deposition and
fabrication of thin a-carbon film covered lacey C TEM grid substrate. Step 2) is
fabrication of bimetallic quasi-spherical NPs, which involves bilayer metal films
deposition and ns laser dewetting.
18

Figure 2-2 A HAADF image of bimetallic quasi-spherical NPs of AgCo on a-C substrate.
The brighter side of the NPs represents Ag, while the darker side of the NPs corresponds
to Co.

The challenges of this method are to find the right laser energy and irradiation time for a specific
thickness. For instance, the shapes of the NPs were not quasi-spherical if the laser energy was
not right and the area of NPs was very small if the irradiation time was too short. On the other
hand, the C substrate and even the lacey carbon of the TEM grid would be burned off if the
laser energy was too high, and the irradiation time is too long.
2.1.1.1.2 Development of new TEM sample preparation—Method 2
Method 2 started as a simplification of method 1. However, this method turned out to have two
substantial advantages: It promises to get NPs in 5 seconds over a rather large laser-energy
range—the lowest energy when the films began to form NPs, and the highest energy when
lacey carbon (around 40 nm) was not completely burn off. Another reason was that the metallic
films deposited on the copper windows’ frames formed spherical particles at a lower laser
energy than at a-carbon films, which is probably due to the confinement of the thermal energy in
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the lacy carbon. For most experiments, the irradiation times were held around 5 s. Also,
reducing substrate transfer steps made this method easier and decreased the probability of
sample contamination. To our knowledge, this method was not reported before.
Figure 2-3 shows the schematic image of procedure of the method 2, which involved 2 simple
steps. The first step is film deposition performed by E-beam evaporator. The deposition details
were introduced in method 1. The only difference between those methods was that thin metallic
films were just deposited on the lacey carbon branches and copper windows. The second step
is the fabrication of bimetallic quasi-hemispherical NPs by ns-pulsed laser dewetting technique.

Figure 2-3 Schematic image of the new method #2 to prepare the bimetallic quasihemispherical NPs. It involves 2 steps: films deposition which is performed by E-beam
evaporator, and fabrication of bimetallic quasi-hemispherical NPs which is employed by
ns-pulsed laser dewetting technique.

Figure 2-4 shows a HAADF image of AgFe spherical bimetallic NPs on TEM grid. The Ag film
was deposited below Fe because the laser energy for the formation of Ag NPs is lower than that
of Fe. The melting point of the pure Fe (1538ºC) is higher than that of pure Ag (961ºC). The
thicknesses of the Ag and Fe were 2 and 1.5 nm, respectively. The irradiation time was 3
seconds. The brighter side of the NPs represented Ag and the darker side corresponded to Fe.
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The distribution of the NPs was in the branches of the lacey carbon. The sizes of the NPs were
large in the wide carbon branches but small in the narrow ones because the areas of the films
were larger in the wide carbon branches. And we also observed that there were many small
bimetallic NPs at the edges of the carbon band.

Figure 2-4 A HAADF image of the spherical bimetallic NPs of AgFe on TEM grid. The
brighter side of the NPs corresponds to Ag, while the darker side to Fe. The sizes of the
NPs are large in the wide carbon branches of the lacey carbon film and small in the
narrow ones. The sizes of the NPs are mainly dependent on the width of the lacey carbon.

The disadvantages of the method 2 were obvious. There was no large area NPs distributed in
the sample. All the NPs just were held by the lacey carbon films and the copper windows’
frames. Another disadvantage was that the thickness of the lacey carbon film of the ordinary
lacey carbon film TEM grids was too thick (around 40 nm). The substrate quenched all the
plasmonic signals of the NPs. Hence, we had to purchase thinner substrates, which are
expensive.
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2.1.1.1 Nanotriangles
The complexity of the preparation process and the high cost of equipment made the
conventional lithographic techniques less popular. However, nano-sphere lithography (NSL)
technique, which is a powerful method for synthesizing the nanomaterials159, resolved those
problems. This method is good for patterning high quality, and large area nanostructures160.
Also this method is significantly cheaper than traditional lithography techniques such as X-ray161163

or photo lithography (semiconductor lithography)164-165. NSL involved the preparation of a

colloidal mask and the deposition of the desired material. Preparation of the colloidal mask is
achieved by self-assembly of colloidal nano-sphere beads onto a flat substrate to yield a closepacked arrangement. This hexagonal-closed-packed (HCP) monolayer mask provides the
(interstitial) spaces with periodically arranged triangles. This structure served as the mask for
the subsequent deposition step by using E-beam vapor deposition technique166. Hence, those
processes lead to the synthesis of periodically arranged triangular structures—the nanotriangles. To prepare high quality nanostructures TEM sample, we applied NSL technique on
the electron transparent C film. Then, a film float-off technique was used to prepare TEM
sample as that of the spherical NPs157.
Figure 2-5 shows that 3 distinct steps were involved in the procedure of fabrication of
nanotriangles. In Figure 2-5 (a), step 1 was the creation of NSL mask, which involved ultrathin
carbon film deposition and polystyrene (PS) beads template formation. We deposited around 15
nm C film on the surface of the fresh mica, and the thickness of the film became around 10 nm
after etching it under the Ar plasmon. The details of the C film deposition and Ar plasmon
treatment were described in spherical NPs part. Following the plasma treatment, the substrates
were ready for the preparation of a monolayer or bilayer of close packed PS beads. PS beads
from Alfa Aesar with a size of 200/500 nm in diameter were used in 2% w/v suspension in water.
There were two methods to get the HCP arrangement mask: one method utilized a
programmable spin-coater (as Figure 2-5 (a) shown) from Laurell Technologies model number
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WS-400BZ-8TFM/LITE to separate PS bead solution at three different speeds; the other method
was much more convenient, which just needed putting the PS bean solutions in water and
capturing the mono-layer PS beans from the surface of the water in a petri dish. The second
method was preferred in this study. The template of PS beads served as the deposition mask
for the next step after 24 hours drying. The interstitial spaces of the PS bead layer were
equilateral triangles. The edge of the interstitial equilateral triangles of 500 nm PS beans is
around 131.6 nm. The spacing of the equilateral triangles is around 138.5 nm.
In Figure 2-5 (b), step 2 was the fabrication of nanostructures, which involved film deposition
and mask etching. The substrate was ready for deposition of films when it was dry. We
deposited the Ag/Co/Fe film by E-beam evaporation. After film deposition, the PS mask was
etched away with dichloromethane. The etching time depended on the thickness of the metal
film and the diameter of the PS beans. After etching the PS beans from the substrate, the
nanotriangles on ultrathin carbon film were ready to float-off from Mica.
In Figure 2-5 (c), step 3 is the creation of TEM samples, which involved floating-off NPs on
carbon substrate from mica onto the surface of DI water and capturing them from the surface of
water onto a lacey carbon TEM grid. This electron transparent substrate was used as a medium
to transfer NPs to TEM grids.
Figure 2-6 shows the HAADF images of Ag nanotriangles on TEM grids. Figure 2-6 (a) shows a
large area of high qualifies Ag nanotriangles with 10 nm thickness made by the NSL technique.
We can observe most of the nanotriangles arrays as hexagonal units. Some grains boundaries
existed because some PS beans domains were misaligned, and hence the interstitial spaces of
those domains were combined. Figure 2-6 (b) showed a higher magnification HAADF image of
the orange framed region in (a). We observed several types of nanostructures based on
nanotriangles. For example, nano-bowties were formed by two nanotriangles at grain
boundaries. The nanotriangles were equilateral triangles because the deposition angle
perpendicular to the surface was zero.
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Figure 2-5 Schematic images of the three steps of nanotriangles TEM sample preparation:
(a) Step 1 is the creation of NSL mask, which involves carbon ultrathin film deposition
and polystyrene (PS) beads template formation. (b) Step 2 is the Fabrication of
Nanostructures, which involves film deposition and mask etching. (c) Step 3 is creation
of nanotriangles TEM sample, which involves floating-off Nps on carbon substrate from
mica in the surface of water and transferring the NPs to the TEM grid.
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The average size of nanotrianges’ side was around 130 nm and the average spacing between
them was around 140 nm. Both of them matched their theoretical lengths.

Figure 2-6 (a) HAADF image of large area high qualify nanotriangles. Some of them
combined together as grain boundaries. (b) Higher magnification HAADF image of the
orange region. The red arrow indicated a nanobowtie.

To synthesis the bimetallic nanotriangles, we performed angle resolved NSL technique167-169.
This method was performed by changing the angle of the deposition stage or the targets. In our
deposition equipment, we can change the deposition angle though rotating the deposition stage.
Figure 2-7 shows HAADF images of Ag and Co bimetallic nanotriangles at different deposition
angles. The bright nanotriangles were Ag ones and the darker ones corresponded to Co. The
big branch-like nanostructures with low contrast are the lacey carbon films. The films of Co were
deposited underneath the Ag. In Figure 2-7 (a), Ag and Co nanotriangles overlapped as a result
of a small deposition angle –rotation of 2º for deposition of Ag. The edges of the Co
nanotriangles are equal with the average size around 116 nm, while the three edges of the Ag
nanotraingles are around128 nm, 138 nm, and 138 nm. This small difference results from the
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geometry of the deposition. The thicknesses of Ag and Co nanotriangles were around 6 nm. In
Figure 2-7 (b), the deposition angle is 5º for the Ag film. Every pair of Ag and Co nanotriangles
was separated, but they still are in contact with each other. The edges of the nanotriangles are
similar to those in (a). In Figure 2-7 (c), Ag and Co nanotriangles were completely separated at
deposition angles—Ag at 5º and Co at -5º. The sides of both, Ag and Co, nanotriangles varied
slightly. In Figure 2-7 (d), Ag and Co nanotriangles were also completely separated at
deposition angles—Ag at 10º and Co at -10º, While the symmetry of the arrangement of the
nanotriangles was very different from that of nanotriangles in Figure 2-7 (c). The deposition time
of Ag film in Figure 2-7 (b)-(d) was just 30 seconds, yielding a 3 nm thickness of the Ag
nanostructures. All the materials had a potential tendency to be spherical to minimize their
surface energy. Hence, the Ag films arrays appeared to be discontinuousafter serval days in
many nanostructures. The thickness of Co NPs in Figure 2-7 (b)-(d) are around 5 nm.
The TEM samples were easily contaminated due to the polystyrene (PS) beads’ solution. Those
polymers could not be etched off completely. The carbon bonds in the polymer, which covered
the NPs, decomposed when the high energy electron beam of the TEM hit the sample,
producing a build-up of carbon during investigation. This is a critical disadvantage of NSL
technique.

2.1.3 NWs TEM sample preparation
Nanowires made of four semiconductors were investigated in this study, including GaAsAlGaAs-GaAs core multi-shells, GaN, GaAs, and InP NWs. There were three steps to prepare
the TEM: Bare NWs growth, coating Au NPs and Alq3 films and TEM sample preparation. The
semiconductor NWs were grown by MOCVD technique by our collaborator in Canada. The
Au/Alq3 coated NWs were fabricated by organic molecular beam deposition (OMBD) by our
collaborators at the University of Cincinnati. All of those nanostructures were finally prepared on
lacey carbon TEM copper grid.
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Figure 2-7 HAADF images of Ag and Co bimetallic nanotriangles at different deposition
angles: the brighter ones were Ag nanotriangles, and the darker ones were Co
nanotriangles. The big branches were lacey carbon films. (a) Ag 2º, Co 0º, Ag
nanotriangles and Co nanotriangles overlaped. (b) Ag 5º, Co 0º, every pair of Ag and Co
nanotriangles was separated, while they still contacted each other. (c) Ag 5º, Co -5º, Ag
and Co nanotriangles were completely separated. (d) Ag 10º, Co -10º, all the Ag and Co
nanotriangles were completely separated as (c), while their array symmetries were
different.
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2.1.3.1 GaAs-AlGaAs-GaAs multi-shell bare NWs grown
Here, we introduced the methods of growing the GaAs-AlGaAs-GaAs core multi-shells NWs,
which was the main NW system in this study. They were grown by MOCVD techniques.
Trimethylgallium (TMG), trimethylaluminium (TMA) and arsine (AsH3) were used as source
precursors for Ga, Al and As, respectively. The GaAs nanowire core was grown by applying a
two-temperature procedure170 which involves a 1 min nucleation step at 450 ºC followed by a 45
min growth at 375 ºC. After the core was grown, the growth temperature was ramped up to 750
ºC in an AsH3 ambient. A 10 nm thick AlxGa1-xAs shell was then grown with a nominal 50% Al
content in vapor. The AlGaAs shell reduced the non-radiative recombination centers at the
GaAs NW surface and, therefore, increases the emission yield171. Finally, a 15 nm GaAs cap
layer was grown to protect AlGaAs shell from oxidation. Details of the shell growth procedure
can be found in Refs172. It has been reported that the core of the NWs are defects-free173. The
GaAs shell is not clearly recognizable since it followed the crystalline phase of the GaAs core
during growth174.
Figure 2-8 (a) shows the SEM image of an ensemble of bare GaAs-AlGaAs-GaAs NWs with a
NW area density of ~1.5 NW/µm2 and NW length of ~6 µm. The SEM image reveals a very
small tapering of the NWs175. This image was taken by the collaborator. Figure 2-8 (b) is the
HAADF image of a part of a NW. The diameter of this NW was 116 nm. Figure 2-8 (c) shows
the atomic resolution HAADF image of the region of the NW indicated by the red dot square in
Figure 2-8 (b). This region includes the multi-shells of the NW. We can see the crystal structure
of the GaAs shell was zink-blende with few stacking faults and small segments of wurzite176-180.
2.1.3.2 Au NPs and Alq3 coated on the NWs
The NWs coated gold/Alq3 hetero-structures were fabricated by organic molecular beam
deposition (OMBD)181-184. The coverage of the NWs was nanometer controlled by temperature
regulated Knudsen cells, mechanical shutters and calibrated quartz crystal thickness monitor.
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The vertically aligned ensembles of the NWs were coated with the organic material and gold at
a base pressure of ~10-8 mbar. In order to obtain an uniform coating around the NWs and to
minimize the effect of shadowing by adjacent NWs, the NW sample was rotated along the long
axis of the NWs during growth with a frequency of ~1 Hz. Aluminum quinoline (Alq3, Tris(8hydroxyquinolinato) aluminum) with a HOMO-LUMO gap of ~3 eV and with a relative band
offset of ~0.8 eV between the HOMO and GaAs conduction band

has been chosen. The

Alq3/NWs interface formed a type-I hetero-structure thus preventing the generation of hybrid
charge-transfer excitons at the organic/semiconductor interface185-186.

Figure 2-8 (a) SEM image of an ensemble of bare GaAs-AlGaAs-GaAs muti-shells
nanowires. (b) HAADF image of a bare GaAs-AlGaAs-GaAs core multi-shell nanowire.
The diameter of the NWs is 116 nm. (c) Atomic resolution HAADF image of the region of
the NW indicated by the red dot square in (b). The crystal structure of the GaAs shell is
zink-blende.
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The Au film was deposited on top of the organic layer. The deposition rate of the gold film was
0.014 Ås-1 at a sublimation temperature of ~1473K. A chemisorbed inert organic material played
the role of a spacer between the semiconductor nanowire and the gold film. Figure 2-9 (a) and
(b) show the HAADF image of the GaAs-AlGaAs-GaAs muti-shells NW coated Au NPs and the
atomic resolution HAADF image of Au NPs on the NW, respectively. From the images, we
observed that Au was deposited as small nanoparticles. Figure 2-9 (c) shows the histogram of
diameter of Au NPs. The modal diameter of the Au NPs was around 10 nm.

Figure 2-9 (a) HAADF image of the GaAs-AlGaAs-GaAs muti-shells NW coated Au NPs. (b)
Atomic resolution HAADF image of Au NPs on the NW. (c) Histogram of the dimeter of
the Au NPs.

The Alq3 films were deposited around the NWs with a deposition rate of 0.016 Ås-1 at 508 K.
Figure 2-10 (a) shows the overview HAADF image of the NW coated Alq3. The big Alq3 islands
of about 30 nm were on the edge of the NW. Figure 2-10 (b) is the HRTEM image of the edge of
the NW. We can observe that the coated Alq3 film is continuous and relatively uniform (with a
minimum to maximum deviation of ±1 nm) around the NW.
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Figure 2-10 (a) HAADF and (b) bright field (BF) images of the InP NW coated Alq 3. (c) The
high resolution (HR) TEM image of the edge of the NW. The thickness of the thin film is
around 2-3 nm.

2.2 Characterization
TEM technique is a tool with high spatial resolution to characterize nanomaterials because of
the small de Broglie wavelength of electrons accelerated with high voltages187. In this study,
characterizations including HRTEM imaging STEM imaging and EELS were performed by a
monochromated Zeiss Libra 200 MC TEM with an acceleration voltage of 200 kV. The
information limit of this TEM is 0.1 nm, and the energy resolution of the EELS is 0.1 eV defined
as the full width at half maximum (FWHM) of the zero-loss peak (ZLP) in vacuum. All the atomic
resolution HAADF images were taken by 5th order aberration corrected STEM Nion Ultra-STEM
200 at Oak Ridge National Laboratory (ORNL). The spatial resolution of this dedicated STEM is
about 0.5 Å. In particular, the most used characterization in this study is the EELS in STEM
mode. Hence, I only introduce STEM imaging and EELS in detail.
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2.2.1 STEM image
STEM images are formed in scanning mode, in which the electron beam is converged into a
small probe. The aberration of the lenses determines the dimension and shape of the electron
probe, and thus influencing the resolution of STEM imaging 188. More details can be found in
Ref.189 The magnification of STEM is controlled by the dimensions of the scanned area on the
sample, which is different to HRTEM where the magnification is controlled by the projection lens
system.
Figure 2-11 (a) shows the schematic of working mechanism of the STEM imaging. A converged
probe is employed to scan the sample, and the detectors are placed in different back focal
planes to collect a portion of the electrons. Each detector provides a different and
complementary view of the sample. In crystalline samples, the electrons can channel through
the atomic columns, providing the possibility for atomic resolution images.
2.2.1.1 HAADF imaging
The electrons, which can also channel along atomic columns, are scattered to high angles by
phonon excitation. Those scattered electrons are collected by a high angle disk-like detector
synchronized to the scan of the beam. This imaging is called the HAADF imaging. The
scattering to high angles by phonons is an incoherent scattering event, so this imaging
technique is also called incoherent imaging. The contrast in these images can be approximated
by Rutherford scattering with a probability (intensity) that is a function of the atomic number Z
squared. For this reason we also call the HAADF image Z-contrast image. Materials with larger
average atomic number appear brighter. Furthermore, there is no dynamical oscillation of
intensities but a higher phonon scattering probability with increasing the sample’s thickness.
This is the reason that HAADF images have a so-called mass – thickness contrast.
Figure 2-11 (b) and (c) shows the Z-contrast images of AgCo bimetallic NPs and GaAs NW
coated Alq3 film, respectively. The bright side of the NPs is Ag in (b) because the atomic number
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of Ag (47) is much larger than that of Co (27). The intensity in the Z-contrast image also
depends on the thickness. For example, the GaAs NW (the diameter of the NW is around 100
nm) is much brighter than Alq3 film (the thickness of the film is under 10 nm) in (c).
2.2.1.2 Bright field (BF) imaging
The small/inner angle scattered electrons and non-scattered electrons go into the BF detector,
form a BF image. The BF image is formed analogue to the HRTEM image. And therefore, a BF
image is a phase contrast image. Figure 2-11 (d) and (e) show the BF images of AgCo
bimetallic NPs and GaAs NW coated Alq3 film, respectively. We can easily see the small
particles (circled by the red dot circle) on the substrate and the thin film from the NW.

Figure 2-11(a) Schematic image for the STEM. (b) and (c) are HAADF images of AgCo
bimetallic NPs and GaAs NW coated Alq3 film, respectively. (d) and (e) are the BF images
corresponding to (b) and (c), respectively. The bright side of the NPs indicates Ag, and
the dark represents Co in (b). There are some small particles visible in the red dot circles
in (d).
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2.2.2 Monochromated EELS in STEM mode
When we use the EELS spectrometer instead of the BF detector, we can perform EELS with the
same resolution as in BF imaging.
EELS in STEM mode reveals the composition97, 190, optical83 and electronic structure190-191 of
nanomaterials. The sharpest peak in the EELS at zero eV is the so-called the ZLP. ZLP is
formed by all the electrons that are not scattered, elastically scattered, and quasi–elastically
scattered. The FWHM of the ZLP in the vacuum is usually a measure of the energy resolution in
an EELS spectrum. Besides the aberrations of the electron optics of the spectrometer, the
energy resolution is limited by the energy spread of the electron source64. EELS in STEM mode
was performed with a monochromated (MCR) electron source in this study. Egerton explicitly
introduced the development of MCR in electron monochromator part64. The energy resolution
varies with the MCR slit in Libra 200 MC microscope with a highest experimental energy
resolution of 0.1 eV using the 0.5 µm MCR slit. The software used for spectra acquisition is the
Digital Micrograph from Gatan, Inc.
Figure 2-12 (a) shows the schematic image of the electron optics for EELS. Figure 2-12 (b) from
Ref189 illustrates the experimental energy resolutions at different dispersions189. There are 5
different dispersions of Libra 200 MC microscopy: 0.025, 0.05, 0.1, 0.25 and 0.4 eV/channel.
Their energy loss ranges are around 60 eV, 120 eV, 240 eV, 550 eV and 2000 eV, respectively.
Figure 2-13 shows that the EELS spectrum is divided into three regions: Zero loss region is
related to the instrumental resolution; Low-loss region is materials specific and contains all the
information related to optical properties including quasi-particles (like plasmons and excitons);
Core loss region is also material specific and contains the excitation of an electron from core
levels of the atoms into the conduction band. We can identify elements and compositions and
measure the thickness of samples through core-loss EELS.
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Figure 2-12(a) Schematic image for EELS. (b) Experimental energy resolutions at
different MCR slits. This image is from the Ref189.

Figure 2-13 EELS spectrum from the silicon surface oxide and contamination. The energy
loss involves the zero loss, low loss and core loss.
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We can expose the sample by a spot, line scan or a map to get EELS spectra in various regions.
Figure 2-14 shows the three kinds of scanning EELS in a SI (spectrum image) survey image.
They were designated by the red-cross short lines, the green line and the green rectangular,
respectively. The spot EELS was used to check the plasmon or exciton behavior (low loss) or
the elemental composition (core loss) of the sample quickly. Chrono-spectroscopy with EELS
can investigate the dependence of the signal with electron beam exposure time. Line-scan
EELS was used to examine the spectra change of the sample along a line. In this work, the linescan was usually divided into 100 equal pixels along the line. The EELS map was used to
examine the plasmon or exciton behavior (low loss) or the elemental distribution (core loss) in
the region of interest (ROI). The ROI image was divided into equal pixels. We took EELS map
pixel by pixel. The region of one pixel is the scanning area of the electron beam with fixed
exposure time. The exposure time of the pixels in the same EELS map is the same.

Figure 2-14 There are three kinds of scanning EELS in the SI survey image: EELS spot,
EELS scan-line and EELS map. They were designated by the red cross lines, the green
line and the green rectangular, respectively.
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2.2.2.1 Low loss
The low loss EELS spectrum results from many low-energy excitations, such as interband
transition, intraband transitions, excitons, surface and bulk plasmons. All those transitions are
related to the valence electrons. So the low loss region is also called valence loss spectrum.
The energy range of the low loss region is usually from the ZLP to 70 eV. In this study, we
focus on 0.5 - 30 eV range, which involves the far-infrared, infrared, visible and ultraviolet
regions, to investigate the plasmons, interband transitions and the excitons. Figure 2-15 shows
a low loss spectrum from the Ag nanobean particles at 0.5 to 30 eV. The spectrum includes 3
plasmon peaks and 2 interband transition peaks.

Figure 2-15 A low loss spectrum was taken from Ag nanobean particle at 0.5 to 30 eV.
The spectrum includes 3 plasmon peaks and 2 interband transition peaks.
2.2.2.2 Core loss
Figure 2- 16 shows the schematic image of electron excitation from the core shell states up to
the conduction band above Fermi level.64 There are three different characteristic shapes of
ionization edges, (i) abrupt edge (K edge i.e. oxygen), (ii) delayed edge (M4,5 edge i.e silver),
and (iii) white line peaks (L2,3 edge i.e Co, Fe)64.
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Figure 2-16 Electron excitations from the core shell states up to the conduction band
above Fermi level.

We used core loss spectrum to identify the elements, elements distribution and the thickness of
the NPs in this study.

2.3 Analysis method
All the EELS spectra were quantitatively analyzed by the Quantifit software, which was written
by Dr. Gerd Duscher. With this software, we can accurately quantify the EELS peak’s position,
width (FWHM) and the intensity of a signal (area under peak) in scattering probability (ppm).

2.3.1 ZLP and Low loss spectra quantification
The analysis of the low loss spectrum required a good fit of the ZLP because of the effect of its
tail on the low loss peaks. Two Lorentzian functions were performed to fit the ZLP. A Gaussian
peak fit the high intensity part of the ZLP was used to determine its maximum which in turn fixed
the energy origin.
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In order to understand the energy, lifetime and scattering probability of the plasmons and
excitons, we fitted the peaks in low loss spectra with Lorentzian functions. As a result, we got
position (eV), width (eV) and area (ppm) of all the peaks in the spectra. It was possible to
compare the spectra from different energy regions and in different materials by calibrating them
with scattering probability. The fitting error was determined with a least square method and then
visualized with a difference between model and experimental spectrum. This difference should
only contain features within the noise level or the fit is not considered good. We used the ZLP fit
as the resolution function of this method in the software.
Figure 2-17 shows the quantification of a low loss spectrum (from 0.5 to 10 eV) of AgCo
bimetallic NP fitted by Lorentzian peaks. The blue curve represents the experimental spectrum,
and the red dash line indicates the fitted curve. The fitted curve shows a perfect agreement with
the experimental spectrum. We used two steps to get such a good fit: 1) Fit ZLP and use is as
the resolution function; 2) Fit low loss peaks using Lorentzian functions. Fitting the ZLP had 2
purposes: aligning the zero position and removing the effect of the ZLP’s tail. Here, the
resolution function curve with black color was the ZLP fitting curve. The tail of the ZLP in the
model matched the experimental curve well. After minimizing the influence of the ZLP, five
Lorentzians were used to fit the rest of the low loss peaks. The five Lorenz peaks accurately
captured the 5 plasmon peaks. Then we combined the five Lorenz peaks and the resolution
(res.) function to get the model curve. The ‘difference’ line represents for the difference between
the experimental data and the model fitting data. This difference can be attributed to the noise
and the average of the noise / signal ratio was 1% in the total low loss region. Any feature larger
than the noise in the spectrum was considered to be fitted with few Lorentzians. The peaks’
position, width and the area were obtained in this process as shown in the following Table 2-1.
The area, which indicated the area under the peak by ppm, is defined as the intensity of the
peak.
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Figure 2-17 A respective quantification of low loss spectrum (0.5 to 10 eV) from AgCo
bimetallic NP with Lorentzian functions.

Table 2-1 Quantitative positions, widths and areas of the 5 Lorentz peaks from the EELS
spectra of Figure 2-17
Position (eV)

Width(eV)

Area (ppm)

Shape

2.2

0.63

131.65

Loren

2.7

0.64

138.57

Loren

3.5

0.45

82.80

Loren

5.0

2.58

136.31

Loren

7.8

6.71

1491.30

Loren
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Furthermore, we can get the intensity map of the plasmon peaks through EELS map by
Quantifit software. In Figure 2-18, the plasmon peaks’ intensities of the AgCo bimetallic by ppm
were refitted. Figure 2-18 (a) shows the Z-contrast image of the ROI for the low loss EELS. In
Figure 2-18 (b), we observed that the plasmon peaks at two different energy positions: 2.7 eV
and 3.5 eV. Figure 2-18 (c) and (d) show the intensity maps of those 2 plasmon peaks at 2.7 eV
and 3.5 eV in the ROI, respectively.

Figure 2-18 (a) Z-contrast image of the ROI. (b) The EELS spectra from different regions
in the Z-contrast image in (a). (c) and (d) are the intensity maps of the plasmon peak at
2.7 eV and 3.5 eV in the ROI, respectively.

2.3.2 Core loss spectra quantification
Quantitative analysis of the fine structures of ionization edges provides plenty of detailed
information about the material such as oxidation state, coordination number and energy band
structure of an element.
We used a reference cross section model from X-ray photo-absorption spectra to fit the core
loss edge after background subtraction. Because the cross sections (𝜎) are from free atoms, we
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only use the higher laying part of the ionization edges excluding the near edge structure which
is due to solid state effects (band structure). Then we measure the inelastic scattering
probability (P) to calculate the areal density.

𝑃 = 𝐴𝜎 ⟹ 𝐴 =

𝑃
𝜎

(2-1)

Here, P, 𝜎 and A refer to inelastic scattering probability, cross section and areal density,
respectively.
Figure 2-19 (a) shows a representative quantification of core loss using Co. The areal density of
the Co is 322 atoms/nm2. The core loss spectrum was taken from the red square region in
Figure 2-19 (b). Figure 2-19 (b) shows a Z-contrast image of the ROI of the core loss EELS. The
bright nanotriangle corresponds to Ag, and the neighboring dark one behind the Ag to Co. The
pixel size of the spectra is 7.8 nm. Figure 2-19 (c) and (d) show the maps of the areal density of
Co and Ag by quantifying the L3 edge of Co and M5 edge of Ag, respectively. We got those
maps by fitting all the spectra pixel by pixel.
In addition, the volume density of the element, which is related to the cubic crystal structure and
lattice parameter, can be calculated as (assuming the crystal structure is cubic):

𝑉=

# 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
𝑎3

(2-2)

Here, V is the volume density, a is the lattice parameter.
Table 2-2 shows the volume density of all the elements, which were used in this study. All of
those elements are cubic crystal structure.
The thickness (t) of a sample location can then be calculated at the quotient of areal density and
volume density as:
𝐴

𝑡=𝑉

(2-3)

Here, t, A and V refer to the thickness, the areal density and the volume density, respectively.
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Figure 2-19 (a) A representative quantification of core loss of Co. This spectrum was
taken from the red square region in (b). (b) The ROI of the core loss EELS. (c) and (c) The
areal density maps of Co and Ag, respectively.

Table 2-2 Volume densities of the elements in this study.
Element

Ag

Co

Fe

a-C

3

Volume density (atom/nm )

58.9 84.6 99.1

90.3-105.4
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For example, the thickness of the Co of that pixel is 3.8 nm in Figure 2-19 (a), which is equal to
the areal density (322 atoms/nm2) divided by its volume density (84.6 atoms/nm3). We
calculated the thickness directly based on the areal density maps. Figure 2-20 shows the
quantitative thickness maps of the Ag and Co of the ROI shown in Figure 2-19 (b), respectively.
We observed that the average thicknesses of the Ag and Co were around 10 and 6nm,
respectively. From the thickness maps, we can obtain both the elemental distribution and the 3D structure.

Figure 2-20 Thickness maps of Ag and Co of the ROI showed in Figure 2-18 (b),
respectively.
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Chapter 3 Ferroplasmon results and discussion
Ferroplasmon is a quasi-particle with a long life-time, high intensity, and energy in the visible
light range. Our group firstly discovered the presence of ferroplasmons in Co commonly
recognized as a non-plasmonic metal131 in visible light range. The ferroplasmon in Co was
induced by a contact with the plasmonic Ag in an Ag-Co bimetallic nanostructured system. This
discovery has a great potential to design new plasmonic systems. However, the excitation mode
of this plasmon is not fully understood yet. Therefore, we provided an extended investigation of
the ferroplasmon on “epitaxial” and nano-crystalline” AgCo bimetallic NPs based on our
previous research, and built a model for plasmon excitations in this nanostructured system.
Moreover, we have performed systematically studies on the dependence of ferroplasmon
behavior on particle sizes and geometries to obtain a better understanding of the origin of this
quasiparticle. Furthermore, we also have studied the presence of the ferroplasmon
phenomenon in other systems and the behavior of the bulk plasmons in different systems.

3.1 Ferroplasmon
Ag is a typical plasmonic metal, possessing high LSPR peaks in EELS or optical spectra whose
corresponding energies are size and geometries dependent79, 83. In contrast, Co does not have
a plasmonic response in visible light range. Due to the immiscibility and non-equilibrium nature
of the nanosecond laser dewetting technique, Ag and Co occupy physically segregated regions
in a bimetallic AgCo NP. It was reported that the Ag in AgCo NP arrays showed 10 times larger
tenability of life time compared to pure Ag NP arrays in optical studies. 73 Surprisingly, there is a
ferroplasmon phenomenon in AgCo nanostructured system. To obtain more details of the
ferroplasmons, we investigated the LSPR on epitaxial AgCo bimetallic NPs by high energy
resolution EELS (0.1 eV), and built a plasmon excitation model to explain this phenomenon.
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3.1.1 LSPR for Ag and Co NPs
Figure 3-1 (a) shows the optical absorption spectrum of Ag NPs. This spectrum was collected
with normal incidence light over an area of 500 µm2 in the Ag NPs on carbon substrate, and
therefore it represented ensemble sizes averaged information from the Ag NPs. The spectrum
has two obvious plasmon peaks of Ag NPs. The insert image shows the size distribution of the
Ag NPs, which is converged because the particle sizes were controlled by the individual film
thickness.146 The optical spectrum and the size distribution were taken by my groupmate Dr.
Malasi. Figure 3-1 (b) is the summed experimental EELS spectrum for the LSPR of the Ag NPs
on the carbon substrate with the same thickness as the sample in Figure 3-1 (a). This spectrum
was summed from the EELS spectra of individual Ag NPs times the weight percent from their
size distribution. Both the optical and EELS spectra showed Ag NPs to have two obvious
plasmon peaks on carbon substrates. It has been reported that the lower energy peak is a
dipole mode polarized parallel to the substrate and the higher energy peak is a high-order
multipolar mode, which derived from Mie theory85. The obvious differences in the optical and
EELS spectra can be related to the differences in the observed part of the complex dielectric
function as explained in chapter 1.1.1.
In Figure 3-2 (a), an integral LSPR spectrum was taken from the surface of a Co NPs in the
inset Z-contrast image, where the surface was highlighted by blue dashed line. We ruled out the
damping effect by C substrate because the EELS spectra were taken in the vacuum. The
integral LSPR spectrum revealed that Co did not have a sharp LSPR peak before 10 eV,
consistent with previous report that Co was not a plasmonic metal5. The band structure of Co
consists of d-electrons at the Fermi level, which are considered to be highly bound. A free
electron gas calculation will therefore not yield any reliable data for the plasmonic response of
Co. In Figure 3-2 (b), the EELS spectra were taken from the surface of a Co NP on C substrate
(black) and the C film (red), respectively. The regions of interest were designated by blue
dashed circle and red square in the inset HAADF image, respectively. The spectrum in blue
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color referred to the LSPR from pure Co where the signal of the C has been subtracted. We
observed that the Co on C substrate does not have a plasmon peak in the visible light range.
Both of the two spectra of Co in the vacuum and C substrate indicated no LSPR peaks in the
visible range. Therefore, we concluded that Ag NP has LSPR peaks on C substrate while Co
NP doesn’t have a plasmon peak in the visible light range. Higher energy peaks in the spectrum
can be due to interband transitions or plasmons. Those excitations can be distinguished by their
decay rate with distance from the surface. Plasmons generally have a rather large excitation
volume (several 10th of nm), while interband transitions should be damped within one nm from
the surface due to screening.

Figure 3-1 (a) Optical absorption spectrum of Ag NPs and the size distribution of Ag NPs.
(b) Summed experimental EELS spectrum of LSPR for Ag NPs on the same thickness
carbon substrate with (a). Both of the spectra have two plasmon peaks.
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Figure 3-2 (a) Integral LSPR spectrum was taken from the surface of the Co NP in the
vacuum. The surface region was designated by blue dashed line in the inset HAADF
image. (b) Typical EELS spectra were taken from the surface of Co NP on C substrate
(black) and the C film (red), respectively. The taken regions were designated by blue
dashed circle and red square in the inset HAADF image, respectively. The spectrum with
blue color referred to the LSPR for pure Co, which is equal to the black line subtracting
the red line. No plasmon peak appeared in the visible light range in the surface of the Co.
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3.1.2 Ferroplasmon in epitaxial AgCo bimetallic NPs
Figure 3-3 (a) shows a Z-contrast image of an epitaxial AgCo bimetallic NPs. The bright and
dark sides represent Ag and Co, respectively. The horizontal lengths of the Ag and Co are 90
nm and 80 nm, respectively, and the length of the longitudinal direction is 120 nm. In Figure 33(b), the HRTEM image from the interface of the AgCo from the region was designated by the
red dashed square in Figure 3-3(a). The left inset FFT image corresponds to Ag, the right one to
Co. we observed that the crystal structure of the interface is nano-crystallines. The crystal
structures of both sides are faced-center cubic (FFC) with a common <1 0 0 > direction. In
Figure 3-3(c), the EELS spectra were taken from three regions: (1) the surface of the Co side
with dark cyan color (Co side), (2) the surface of Ag with red color (Ag side) and (3) the triple
point with blue color (triple point), respectively. All of these three spectra showed the
ferroplasmon peak in the visible light range (~ 2 eV). The position and width of these
ferroplasmon peaks varied slightly in these three regions. The specific plasmon peak of Ag at
around 3.5 eV appeared at the Ag side and at the triple point, which is consistent with previous
study83. An additional peak at 2.7 eV, which we did not resolve in previous study, appeared at
the triple point. The spectra showed that the LSPR in AgCo bimetallic NP was different from
those in pure Ag and pure Co.
Table 3-1 shows the quantitative positions, widths and areas of the plasmon peaks from the
EELS spectra in Figure 3-3. The ferroplasmon peak (peak 1) shifted slightly in the three points,
and its width was much narrower at the triple point than that in the Ag side and Co side. The
intensity of the ferroplasmon was the highest at the triple point, consistent with the reported
spectra131. Peak 2, which just existed in the triple point, was very sharp. Its position is around
2.7 eV and its width is around 0.5 eV. The position of the peak 3 also had a slightly change at
the three points and its width was narrower from the Co side to Ag side. The intensity of the
peak 3 increased from the Co side to the Ag side.
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Figure 3-3(a) Z-contrast image of the epitaxial AgCo bimetallic NP. (b) The Fourier filtered
HR TEM image from the red dashed square region in figure (a). The left inset FFT image
corresponds to Ag, the right one to Co. (c) The EELS spectra were taken from 1) the
surface of Co side (dark cyan), 2) the surface of Ag side (red) and 3) the triple point (blue),
respectively. And the three regions were designated by the marked squares with the
same color in (a), respectively. All of these spectra had a ferroplasmon at around 2 eV.
The plasmon of Ag side at around 3.5 eV appeared at Ag side and the triple point. An
additional peak at around 2.7 eV appeared at the triple point.
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Table 3-1 LSPR peaks’ positions, widths and areas from the EELS spectra in figure 3-3.
Region

Peak 1

Peak 2

Peak 3

Position(eV) Width(eV) Area(ppm) Position(eV) Width(eV) Area(ppm) Position(eV) Width(eV) Area(ppm)
Ag side

2.17

0.64

172.01

Triple point

2.19

0.58

221.63

Co side

1.98

1.65

157.96

2.71

0.52

205.09

3.45

0.50

316.60

3.53

0.63

230.99

3.64

1.24

56.41

To obtain more information of the LSPR behavior, EELS spectra were taken from different
surface regions shown in Figure 3-4. In Figure 3-4(a), the selected surface regions were divided
into two parts starting from the triple point in the Z-contrast image. These parts were highlighted
by blue and pink squares for Co and Ag, respectively. Figure 3-4 (b) and (c) shows the
respective spectra from the Co and Ag side. It was evident that the ferroplasmon peak at around
2 eV existed throughout the whole bimetallic particle surface. In Figure 3-4(b), we observed that
the height of the ferroplasmon peak decreased quickly away from the interface by comparing
the peaks from #2 to #4 regions and then there was only very little change starting from #5
region. The heights of peak 2 and peak 3 decreased even faster than that of peak 1, and those
later two peaks disappeared finally. In Figure 3-4(c), we observed the spectra taken from the Ag
side where (1) the height of the ferroplasmon decreased slightly when away from interface, (2)
peak 2 decreased fast until it disappeared, and (3) peak 3 increased significantly with distance.
Those results revealed that (1) the behaviors of ferroplasmon were similar in both sides, (2) the
peak 2 damped fast in both sides, and (3) the peak 3 was much higher in Ag side than Co side.
To obtain the tendency of changes of position, width and intensity for the three plasmon peaks,
we performed a more quantitative analysis, yielding to accurate position, width and intensity
distributions.
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Figure 3-4 (a) Z-contrast image of AgCo NP. The selected regions of the surface were
divided by Co side (blue squares) and Ag side (pink squares) from the triple point. The
distance of the selected region from the triple point was indexed above the Z- contrast
image. (b) and (c) Experimental EELS spectra of the LSPR were taken from the surface
of Co side and Ag side, respectively. All the taken regions were numbered in (a).
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To better understand the change of peak position (plasmon energy), width and intensity of the
plasmon peaks at the surface, we plotted the profiles of those values as a function of distance.
Figure 3-5 (a), (b) and (c) shows the overview profiles of those three peaks from -77 nm to 31
nm, respectively. Figure 3-5 (d), (e) and (f) shows the same profiles near the triple point from 10 nm to 10 nm. All these quantitative data were derived from the spectra shown in Figure 3-4.
The distances of the profiles were indicated in the Z-contrast image in Figure 3-4, with the triple
point defined as zero. Distances from the interface to positions in Ag are positive, and therefore
those from Co are negative. For example, the distance of position #6 in Ag side is 31 nm, and
that of #7 in Co is -77 nm.
In Figure 3-5 (a) and (d), the plasmon energy of peak 1 has consistently a small blue shift in
both sides towards the triple point and the deviation is 8%. The blue shift of the position of peak
2 is very similar, but the deviation is 3% only. The position of peak 3 shifts slight red from Co to
the Ag side. The position deviation of peak 3 is 7.8%. It shows that the energy of those LSP
peaks did not change significantly along the surface. In Figure 3-5 (b) and (e), we observed that
the widths of both peak 1 and peak 2 decreased from both sides to the triple point, while the
change of width of peak 3 had an inverse tendency.
In Figure 3-5 (c) and (f), the intensity of the peak 1 and peak 2 reaches their highest value
around the triple point. The intensity of the peak 1 remained the same inside Ag and Co, while
the intensity of peak 2 decreased rapidly within 4 nm. This confirmed the ferroplasmon peak 1
exists throughout the surface and the plasmon peak 2 exists only around the triple point. The
change of intensity of peak 3 is more or less constant in the near interface region, while it
decreased to very low value in the Co and increased in Ag. These results confirmed that the
intensity of the ferroplasmon peak is similar in both the Co and the Ag side (peak height is
reduced but width is increased in Co), while the plasmon peak 3 is definitely different in Ag and
Co. Furthermore, peak 2 damps fast in both sides.
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Figure 3-5 The profiles of the peak positions, widths and intensities of the spectra along
the surface of the NP in Figure 3-4 were plotted as a function of distance. (a) (b) and (c)
were the overview profiles from -77 nm to 31 nm. (d) (e) and (f) were magnifications of (a)
(b) and (c) near the triple point from -10 nm to 10 nm,. The distances are indicated in the
Z-contrast in Figure 3-4 (a).
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To understand the plasmon behavior at the interface, especially the change of peak 2, we show
the EELS spectra from the particle inner to the vacuum in Figure 3-6. The spectra were taken
through a line scan along the green line in the inset of the Z-contrast image. The regions of
interest were designated by the squares with the same color as the corresponding spectra line.
We observed that all three peaks decreased slowly in the vacuum with distance from the triple
point. And we conclude that all three peaks must be excited from plasmons. The height of peak
2 decreased rapidly in 4 nm away from the interface with particle and this presence of peak 2
solely in the interface region revealed that this peak 2 is an interface plasmon.
Figure 3-7 (b) (c) and (d) shows the profiles of the quantitative positions, widths and intensities
of the peaks in the spectra as a function of the distance. The spectra were taken along the
green line from -32 nm to 60.5 nm. The directions of the distance were indicated in the Zcontrast image in (a). In Figure 3-7 (b), we observed that the positions of all the three plasmon
peaks did not significantly change at the distances before 32 nm. Peak 1 and 2 show a slight
red shift from 32 nm to 60.5 nm, which may be an artifact due to small signal noise that far away
from the particle. The positions of peak 1 and 3 are more or less constant at the locations inside
the NP. The deviations of the positions of these three peaks are 4%, 2% and 4%, respectively.
In Figure 3-7 (c) and (d), the width of peak 1 changes slightly from the particle inner to 20 nm,
and its intensity rapidly increased from 0 to 220 ppm. However, the width of peak 1 increased
and the intensity decreased from 20 nm to 60.5 nm. The width of peak 2 decreased from the
particle towards the triple point but its intensity increased. The intensity of peak 2 decreases
from 177 ppm to 42 ppm within 4 nm away from the triple point, while the intensities of peak 1
and peak 3 do not change as drastically in this range. Therefore, it is highly possible that the
peak 2 was an interface plasmon peak, with a much narrower effective geometric surface area
to be excited with distance. The width of peak 3 continuously increased from particle inner to the
triple point and stays around 0.4 eV in the vacuum. Its intensity had a similar trend as that of
peak 1.
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Figure 3-6 Experimental EELS spectra were taken from the particle inner to the vacuum
along the green line, via triple point, in the inset Z-contrast image. Their taken regions
were designated by the squares with the same color as the spectra line, respectively.
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Figure 3-7 (b) (c) and (d) show the profiles of quantitative positions, intensities and
widths as a function of the distance from -32 nm to 60.5 nm along the green line,
respectively. The directions of the distance were indexed in Z-contrast image in (a). The
triple point marked by the pink square corresponded to zero.
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All the results above provided evidences that 1) the ferroplasmon peak existed throughout the
whole surface of the bimetallic NP, and the change of its intensity had a similar trend from the
Co side and Ag side towards the triple point; 2) peak 2, dampened fast in both side was an
interface plasmon peak. It dampened faster than the other two plasmons in the vacuum; 3) peak
3, dampened rapidly in the Co side, was a normal surface plasmon peak of Ag due to the
intrinsic plasmon of Ag; 4) no hot spot existed in the triple point. What had been identified as a
hot spot in a previous publication must be attributed to the interface plasmon.

3.1.3 Plasmons interaction mode
Figure 3-8 shows the schematic images for the excitations of ferroplasmon and interface
plasmon in an AgCo bimetallic NP, respectively. The double arrows indicate the plasmon
oscillations directions, and the green line refers to the interface. The ferroplasmon excitation
mode of the bimetallic NP was one dipole mode on the surface of the Np, which was similar with
the case of an isolated spherical NP of pure Ag, while the interface plasmon excitation mode
was an independent dipole that exists on the interface of the NP. Figure 3-8 (a) shows that the
ferroplasmon in Ag side was excited from the intrinsic plasmon oscillators of Ag, while this
plasmon in the Co side was an induced electron oscillation that excited from the Ag side. This
plasmon oscillation in the two sides forms one dipole. This oscillator exists on the whole surface
of the NP. In Figure 3-8 (b), it shows that the interface plasmon is the coherent electron
oscillation that exists on the interface of the NP. Those two oscillators exist on different planes,
and therefore they are independent oscillator systems.
The following equation showed the relationship among plasmon position (Emax), width (ΔEp) and
energy (Ep)64:

𝛥𝐸𝑝 2
2
𝐸𝑝 = √𝐸𝑚𝑎𝑥
+(
)
2

(3-1)

Here Ep, Emax, and ΔEp represented the energy, peak position, and width of the plasmon.
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Figure 3-8 Schematic images for the excitations of ferroplasmon and interface plasmon
in AgCo bimetallic NP, respectively. The ferroplasmon exists on the surface of the NP,
while the interface plasmon exists in the interface. The two oscillators are independent.

In Table 3-2, we tabulated the ferroplasmons quantitative positions, widths and energies of the
spectra shown in Figure 3-3. The table shows the average of the plasmon energies was 2.2 eV,
and their standard deviation was 2.6%. The slight deviation of ferroplasmon peak position in the
EELS spectra was due to the stronger peak broadening effect in Co compared to Ag, while the
plasmon energy (Ep) kept more or less stable throughout the whole surface. This broadening in
Co is also consistent with the induced oscillator picture. This result confirmed that the
ferroplasmon peak was excited by the induced electron oscillation due to the lower energy
plasmon of Ag. It demonstrated that the lower energy plasmon in Ag NP had a strong interaction
with the contacting material. To confirm this conclusion, we also investigated the AgFe
bimetallic system. The ferroplasmon was also observed in non-plasmonic Fe side in visible light
range. The details will be shown in chapter 3.4. Furthermore, the dominant dampening
mechanism for the plasmons originated from their intrinsic broadening due to the imaginary part
of the dielectric function of the metal.61 So more obvious life time broadening in Co may be
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related to its free electron density and band structure different from those of Ag, respectively. In
addition, the ferroplasmon peak was also broadened by carbon contamination. It was also size
and geometry dependent that likes the isolated Ag NPs. The details are shown in the size and
geometry dependency parts (3.2 and 3.3) of this chapter.

Table 3-2 The ferroplasmons’ position, width and plasmon energy throughout the surface
of the bimetallic NP.
Emax (eV) 1.97 2.01

2.15

2.18

2.17

2.22

2.19

2.18

2.17

2.16

2.16

2.15

ΔEp (eV) 1.91 1.66

1.19

0.92

0.81

0.83

0.58

0.57

0.60

0.51

1.02

1.28

2.23

2.23

2.21

2.24

2.21

2.19

2.19

2.17

2.22

2.24

Ep (eV)

2.18 2.17

The interface plasmon peak can only exist in the plane of the interface and such an oscillator
must be independent from the oscillator on the surface plasmon. The difference of the electron
density (n) and the electronic effective mass (m*) at the interface (from bulk of each materials)
originated from different plasmon frequency of each isolated NPs. This plasmon was
compounded by the contacting potential at the interface which may deplete the electron density
further and the slab-like geometry of this interface which required different frequencies for
standing waves. This interface plasmon was not observed earlier because the nano-crystallinity
of earlier samples may have broadened its life time, while it was strongest when the two parts of
the particle had an epitaxial relationship in this study. The interface plasmon was also impacted
by the particle size. The interface plasmon peak was only to be detected with increasing particle
size. The details are shown in the size dependence part (chapter 3.2).
The experimental results showed that the peak 3 at round 3.5 eV dampened quickly in the Co
side. This indicated that this plasmon did not significantly interact with the contacting materials.
This plasmon peak can still be detected on the surface of the Ag side though it can be
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dampened by the C substrate, while the ferroplasmon is very difficult to distinguish. This
happened possibly because its signal was much higher than that of the ferroplasmon peak.
Figure 3-9 shows that the EELS spectra were taken from different regions in surface of the Ag
side, and on the C substrate (red line) and outside the substrate (blue line). The regions where
the spectra correspond to the marked squares with the same color in the inset Z-contrast image.
We observed the strong dampening effect of C on both of the two plasmon peaks by a factor of
about 2. As a result, the ferroplasmon peak overlapped with the higher energy plasmon peak.
The higher energy plasmon peak is much sharper than the ferroplasmon, so the ferroplasmon is
easy to ignore.

Figure 3-9 EELS spectra were taken from the surface of the Ag side: in the vacuum (blue
line) and the C substrate-supporting region (red line) corresponding to the marked region
with the same color in the inset Z-contrast image, respectively. Ferroplasmon peak
dampened fast from the vacuum to the C supporting region, and it overlapped with the
higher energy plasmon peak.
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The quantitative positions, widths and intensities of the plasmon peak in Figure 3-9 are shown in
Table 3-3. There was a large deviation of widths between plasmon and ferroplasmon peaks.
The width of the ferroplasmon peak varied from 0.6 eV to 1.5 eV (150%). This deviation was
larger than that (110%) of plasmon peak located at 3.5 eV, whose width changes ranging from
0.45eV to 0.95 eV. Both of those two plasmon peaks were broadened by C substrate.

Table 3-3 Quantitative data for the plasmon peaks of the spectra in Figure 3-9.
Lower energy peak
Region

Higher energy peak

Position(eV) Width(eV) EP (eV) Area(ppm) Position(eV) Width(eV) EP (eV) Area(ppm)

Vacuum

2.13

0.78

2.16

142.86

3.42

0.45

3.43

257.40

C substrate

2.08

1.54

2.21

236.98

3.26

0.95

3.29

366.27

In conclusion, the ferroplasmon peak in the Ag side was excited from the intrinsic oscillator of
Ag, while the plasmon peak in the Co side was an induced plasmon oscillator. The lower energy
plasmon in Ag had a strong interaction with the contacting material. In contrast, the plasmon
peak at the highest energy did not exhibit strongly interaction with the contacting materials. The
interface plasmon oscillator depended on the interface’s crystal structures. The ferroplasmon
and interface plasmon are independent plasmons, which exist on different plans.

3.2 Size dependence of ferroplasmon in AgCo bimetallic NPs
Many previous studies have reported that the LSPR of Ag NPs were dependent on particle
size83, 90. It is well known that the lower energy plasmon peak shifts to low energy position with
increasing the particle size due to the fact that the plasmon oscillation has to be standing wave
in confined volumes83, 86, 90. Since the ferroplasmon is an induced plasmon by the lower energy
plasmon of Ag, we investigated a wide range sizes of bimetallic NPs (35 nm to 330 nm) to study
ferroplasmon behaviors with size.
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Figure 3-10 shows the typical EELS spectra taken from the surface of Co side of AgCo
bimetallic NPs with 6 different particle sizes (35 nm, 45 nm, 60 nm, 110 nm, 150 nm and 170
nm) ranging from 35 nm to 170 nm. We observed that the position of the ferroplasmon peaks
had a significant redshift with increasing particle size.

Figure 3-10 Typical EELS spectra were taken from the surface of Co side in AgCo
bimetallic NPs at 6 different particle sizes (from 35 nm to 170 nm). The position of the
ferroplasmon peaks had significantly redshift with increasing of the particle size. The
green arrow indicated the change tendency of the ferroplasmon peaks.

The quantitative positions were tabulated in Table 3-4. It showed that the position of the
ferroplasmon peaks shifted from 2.86 eV to 1.98 eV with the particle size increasing from 35 nm
to 170 nm, consistent with the variety of position of the lower energy plasmon peak in isolated
Ag NPs. This result provided further evidence that the ferroplasmon peak in Co side was an
induced plasmon by Ag.
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Table 3-4 The quantitative position of ferroplasmons for the spectra in Figure 3-10.
Size (nm)

35 nm

45 nm

60 nm

110 nm

150 nm

170 nm

Position (eV)

2.86

2.81

2.66

2.48

2.25

1.98

Figure 3-11 showed the representative EELS spectra taken from the triple points of AgCo
bimetallic NPs with 6 different particle sizes ranging from 35 nm to 250 nm. Similarly, we
observed that the position of the ferroplasmon peaks (peak 1) showed a significant redshift with
increasing particle size, consistent with the ferroplasmons’ position in Co of AgCo and isolated
Ag NPs. Peak 3 showed a small blue shift. This resulted in an increased separation of peak 1
and 3 with increasing particle size. This separation allows the interface plasmon peak (peak 2)
to be resolved when the particle size is large enough. The quantitative positions were tabulated
in Table 3-5. In Table 3-5, it shows that the ferroplasmon peak shifted from 2.86 eV to 1.76 eV
with increasing the particle from 35 nm to 250 nm. The particle size did not seem to have a
linear relationship with the interface plasmon position because it also depends on the
crystallographic orientation of the grains at this heterogeneous interface. In different interfaces,
electron densities and effective masses should be different, and therefore leading to different
plasmon energies. The quantitative data showed the presence of an interface plasmon peak in
a 150 nm NP where the positions of the peak 1 and peak 3 reached to 2.34 eV and 3.51 eV
respectively. The interface plasmon may exist at all the interface of the bimetallic NPs. However,
the position of the ferroplasmon and the interface plasmon are too close in the small particle. As
a result, the two plasmon peaks merged together and therefore cannot be resolved. Especially,
when the structure of the interface is not single crystalline, the interface plasmon oscillation
should be very weak, and therefore the plasmon peak should be beyond the detection limit in
EELS spectra. This may be the reason we did not observe the plasmon peak in the previous
study.
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Figure 3-11 Representative EELS spectra were taken from the triple point of AgCo
bimetallic NPs at 6 different particle sizes (from 35 nm to 250 nm). The position of the
ferroplasmon peaks (peak 1) had also significantly redshift with the particle size
increasing, while the position of the peak 3 had a slightly blue-shift. The interface
plasmon peak (peak 2) was resolved with the particle size increasing. The two green lines
indicated the tendency of the plasmon peaks.

Table 3-5 The quantitative positions of the plasmon peaks for the spectra in Figure 3-11.
Size (nm)
Peak 1
Position (eV)

35 nm

90 nm

150 nm

170 nm

210 nm

250 nm

2.86

2.62

2.34

2.19

2.05

1.76

2.99

2.71

2.53

2.82

3.51

3.53

3.55

3.56

Peak 2
Peak 3

3.47

3.49
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Figure 3-12 (a) shows that the EELS spectra were taken from the triple points in two similar
sized AgCo bimetallic NPs with a diameter of 240 nm (red line) and 250 nm (dark yellow line),
respectively. The ROI of the 240 nm NP was marked by red square in the Z-contrast image in
Figure 3-12 (b), and that of the 250 nm was marked by the dark yellow square in the Z-contrast
image in Figure 3-12 (c). Comparing the spectra, we observed that there are just two plasmon
peaks in the red spectrum. The position of the higher energy plasmon peak is red shift and its
width is broader than expected. Presumably, the interface plasmon and the typical Ag plasmon
peak (at around 3.5 eV) overlapped together so interface plasmon cannot be resolved. The
lower energy plasmon peaks in both spectra are the ferroplasmon peaks, and this is consistent
with the size dependence trend in Figure 3-11.
Figure 3-13 shows that the representative EELS spectra were taken from the surface of Ag in
AgCo bimetallic NPs at 5 different particle sizes (90 nm, 150 nm, 170 nm, 250 nm and 330 nm)
ranging from 90 nm to 330 nm. The quantitative values of the plasmon peaks’ positions for the
spectra in Figure 3-13 were tableted in Table 3-6. We observed that the position of the
ferroplasmon peaks (peak 1) also had significantly redshift with increasing the particle size and
it even disappeared when the particle size reaches to 330 nm. This is consistent with the results
in the Co side, the triple point of the bimetallic NP and the isolated Ag. The high-order multipolar
mode plasmon (peak 3) at around 3.51 eV was the dominant feature in the EELS spectra for all
sizes and even was the only discernible feature when the particle size was 330 nm. This
behavior is caused by C dampening and the large curvature of the surface. Peak 1 and Peak 3
merged together at small particle sizes due to close plasmon positions and the increased widths
damped by the C substrate. For example, we observed from the black spectrum that peak 1 and
peak 2 merged together at 90 nm. All those results are consistent with that of the isolated Ag
NP.83 Hence, it confirmed that the plasmon peaks in Ag side of bimetallic NP originated from the
Ag’s intrinsic plasmons.
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Figure 3-12 (a) The EELS spectra were taken from the triple points in AgCo bimetallic
NPs with a diameter of 240 nm and 250 nm, respectively. (b) and (c) The Z-contrast
images of the 240 nm and 250 nm AgCo bimetallic NPs, respectively. The red and dark
yellow squares are the ROI of the spectra in the Z-contrast images, respectively.
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Figure 3-13 The representative EELS spectra were taken from the surface of Ag sides in
AgCo bimetallic NPs at 5 different particle sizes (from 90 nm to 330 nm). The position of
the ferroplasmon peaks (peak 1) had also significantly redshift with increasing of the
particle size, while the position of the peak 3 kept at around 3.51 eV.

Table 3-6 The quantitative positions of the plasmon peaks for the spectra in Figure 3-12.
Size (nm)

Position (eV)

90 nm

150 nm

170 nm

250 nm

Peak 1

2.71

2.35

2.12

1.79

Peak 3

3.51

3.50

3.51

3.51

330 nm

3.51
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In conclusion, the ferroplasmon is size dependent while the interface plasmon seems to be
dependent on the size and the crystallography of the interface. The ferroplasmon peak had a
redshift with increasing particle size. The redshift tendency of the ferroplasmon throughout the
surface of the bimetallic NP was consistent with that of the lower energy of the isolated Ag. Also
the variety of the dominant plasmon peak (peak 3) in the Ag side was consistent with that of the
isolated Ag. Hence, it’s evidence that the ferroplasmon peak was induced from the lower energy
plasmon of Ag. The lower energy plasmon of Ag can interact with the contacting material, in
contrast to the higher energy plasmon. The interface plasmon can be discerned from the
ferroplasmon and Ag’s dominant plasmon peak with increasing particle size.

3.3 Geometry dependence of ferroplasmon
Many studies reported that the behaviors of LSPR of Ag were morphology dependent 79. The
plasmon resonances of disc-like Ag particles at the edge and center were more or less similar to
the plasmon resonances in the spherical Ag particles in the energy range from 2 to 4 eV79. In
contrast, the plasmons of Ag nanotriangles are significantly different from those at both the
corner and the edge, compared with the plasmon resonance of spherical Ag particles. Since the
LSPR in Ag is geometry dependent, ferroplasmons, which are excited by the localized surface
plasmons of Ag, should be dependent on the geometries as well. To study the geometry
dependence of ferroplasmon, we investigated the disc-skirt AgCo bimetallic NPs and AgCo
nanotriangles. The disc-skirt Ag AgCo bimetallic NPs were fabricated by the e-beam deposition
and nanosecond laser dewetting under higher laser energy compared to the case of the
spherical NPs. AgCo nanotriangles were prepared by NSL technique.

3.3.1 Disc-skirt AgCo bimetallic NP
Figure 3-14 (a) shows a Z-contrast image of a disc-skirt AgCo bimetallic NP. The brighter part
with round shape referred to an Ag disc of about 95nm in diameter, and the dark ring
surrounding the Ag is Co shirt with a width of 23 ± 5nm. This AgCo has disk-skirt like
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morphology partially due to the much smaller dimension of thickness compared to the diameter.
From EELS quantification, the thickness of Ag and Co is 17±3nm and 6±4nm, respectively.
The thickness deviation of Co is much larger than that of Ag. Two significantly thicker regions
are highlighted by red circles. EELS also showed that Ag and Co were well separated.

Figure 3-14 (a) Z-contrast image of a disc-skirt AgCo bimetallic NP, (b) and (c) are the
thickness maps for Co and Ag, respectively.

It is reported that the plasmon resonance at the edge of a disc of Ag with a diameter of 300 nm
has a plasmon peak at about 2.5 eV and 3.4 eV.79 These values are similar to the surface
plasmon resonances of spherical Ag particles. Figure 3-15 (a) and (b) show typical EELS
spectra taken from the various with squares marked regions (numbered 1 to 6) in the Z-contrast
image in Figure 3-15 (c). Figure 3-15 (e) and (f) are the intensity maps (the unit is ppm) of the
plasmon peaks located at 2.45 eV and 3.5 eV, respectively. Figure 3-15 (a) shows the EELS
spectra from the disc center to the surface of the disc-skirt NP, regions #1 to #4 along the green
line in the Z-contrast image in Figure 3-15 (c). Spectrum 1 taken from the center of the Ag disc
has 2 plasmon peaks located at 3.45 eV and 3.9 eV, which are the high order multipolar mode
plasmon and the bulk plasmon, respectively. Spectrum 2 was taken at the interface of the thick
disc and the thin skirt. In this spectrum, there are 3 plasmon peaks located at 2.45 eV, 2.8 eV
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and 3.5 eV. Spectrum 3 taken from the Co skirt (close to Ag) contained two plasmon peaks
located at 2.45 eV and 3.5 eV. And the spectrum 4 taken from the surface of the disc-skirt NP
just has 1 plasmon peak at 2.45 eV. We observed that plasmon peak I existed throughout the
Co region and the surface of Ag, while it disappears in the center. This is self-consist with the
intensity map in Figure 3-15 (d), showing that the plasmon is most intense at the Co skirt region
and the surface of the Ag. All this results demonstrated that this plasmon peak 1 is the
ferroplasmon peak. This peak was generated by the interaction of the lower energy surface
plasmon peak of Ag with the contacting non-plasmonic material Co. Plasmon peak 2 was an
interface plasmon peak since it just existed at the interface. Results from spectra 2 and 3 also
revealed that plasmon peak 3 can’t interact with the contacting material since it damps rapidly in
the Co region. In the intensity map of peak 3 in Figure 3-15 (e), we observed that this plasmon
peak existed mostly around the surface of the Ag disc. This is consistent with the spectra.
The spectra in Figure 3-15 (b) were taken from the interface regions of the thick Co and Ag. The
regions are very similar to the triple points of small spherical bimetallic NP because the sizes of
the thick Co are less than 50 nm. The plasmon peaks are also very similar with the plasmons in
the triple point of small spherical bimetallic NP.
In conclusion, ferroplasmon existed on disc-skirt shape bimetallic NP. The results confirmed that
ferroplasmon was induced by the lower surface plasmon of Ag again. The higher plasmon peak
of Ag cannot interact with the contacting material. Furthermore, the interface plasmon can be
observed in large size particles.

3.3.2 Nanotriangle and nanobowties
The plasmon resonance of the Ag nanotriangle is very different form that of the spherical Ag
NPs. In nanotriangles, there are three most prominent plasmon peaks of lowest energy in
different regions: 1) the plasmon energy below 2 eV at the corners corresponded to a dipole
mode; 2) the plasmon energy between 2 to 3 eV at the edges corresponded to a hexapole edge
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mode; 3) the plasmon energy around 3 eV in the center corresponded to a breathing mode, also
called film mode where charge oscillated in radial direction192. The breathing mode cannot
interact with the contacting materials since it is similar with the high ordered multipolar mode
plasmon at 3.5 eV in spherical Ag NPs. Therefore, we focused on the dipole and the hexpole
mode plasmons in this study. To get information about ferroplasmons in nanotriangles, we
examined pairs of Ag and Co nanotriangles on a-C substrate, and investigated pairs of Ag and
Co nanobowties combined with two neighboring nanotriangles because its plasmon resonance
is more intense than nanotriangles’.

Figure 3-15 (a) and (b) typical EELS spectra were taken from the various square marked
regions with the same number and color in the Z-contrast image in (c). (d) and (e) the
intensity maps of the plasmon peak at 2.45 eV and 3.5 eV, respectively.
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3.3.2.1 LSPR in Ag and Co nanotriangles and nanobowties.
It is reported that the plasmon resonance in the convex Ag nanotriangles on Si3N4 substrate
varied significantly with the curvature of the edge79. However, it has been not reported that the
information of the plasmon peaks in the concave nanotriangles on a-C substrate, which was
used to investigate the ferroplasmon. Therefore, we first examine plasmons of isolated Ag and
Co nanotriangles and nanobowties in this part.
In Figure 3-16, the inset image shows a Z- contrast image of an Ag nanotriangle on C substrate.
The average length of the edge for the nanotriangle was 130 nm and its thickness was around
10 nm. In Figure 3-16 (b), the EELS spectra were taken from the corner and the edge,
respectively. These two ROI were designated by two small squares with blue and red colors.
Correspondingly, the EELS spectra taken from those two regions were colored in red and blue.
We observed a complete difference in the plasmon peak taken from the corner and at the edge.
The plasmon peak taken from the corner located at 1.35 eV was very sharp, while the one taken
from the edge at 2.32 eV was weak and broad. The quantitative data are shown in Table 3-7.
Figure 3-16 (c) and (d) shows the intensity maps (scattering probability in ppm vs distance) for
the plasmon peaks located at 1.35 eV (dipole mode) and 2.23 eV (hexpole mode), respectively.
Intensity maxima for these two plasmons occurred at different locations. Figure 3-16 (c) and (d)
clearly show that the plasmon peak located at 1.35eV became sharpest in the three corners of
the triangle, while plasmon peak located at 2.23 eV became sharpest at the center of the three
edges. This result is in good agreement with the literature.79
Figure 3-17 (a) shows the Z-contrast image of an Ag nanobowtie on C substrate. The length of
the neck was about 130 nm. The typical EELS spectra were taken from corner, neck and edge.
We observed that the dipole mode plasmon peak had a redshift at the neck (1.25 eV), and a
blueshift at the corner (1.52 eV). The hexapole mode plasmon peak was similar to that of the
nanotriangle. Figure 3-17 (c), (d) and (e) show the intensity maps of the plasmon peaks at 1.25
eV, 1.52 eV and 2.29 eV, which were taken from the neck, corner and the edges respectively. In
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addition, it is evident in these maps that this plasmon peak was more intense in the nanobowtie
than the nanotriangle, even though the curvature was the same.
Figure 3-18 shows the Z-contrast image of a Co nanotriangle on C substrate. Its thickness was
also around 10 nm. In Figure 3-18 (b), the EELS spectra were taken from the corner and edge
of the Co nanotriangle. These two locations were designated by green Square and red
rectangle, respectively. By comparing the reference spectrum taken form the C substrate
represented by blue colored square, we did not find a plasmon peak in the EELS spectra taken
from both corner and edge area. Therefore, the Co nantriangle-like spherical Co NP is not a
plasmonic NP.
In conclusion, both of the Ag nanotriangle and nanobowtie have two plasmon modes at different
regions: dipole mode at the corner and neck and hexapole mode at the edge. Co nanotrianglelike spherical NP is a non-plasmonic NP.

Figure 3-16 (a) Typical EELS spectra were taken from the marked square regions with the
same colors in the inset Z- contrast image of Ag nanotriangle on a-C substrate. (b) and (c)
are the intensity maps for the dipole and the hexpole modes, respectively.
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Figure 3-17 (a) Z-contrast image of an Ag nanobowtie on C substrate. (b) Typical EELS
spectra were taken from the marked square regions with the same colors in (a). (c) (d)
and (e) The intensity maps of the plasmon peaks at 1.25 eV, 1.52 eV and 2.29 eV,
respectively.
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Figure 3-18 (a) Z-contrast image of a Co nanotriangle on C substrate. (b) Typical EELS
spectra were taken from the marked square regions with the same colors in (a). No
plasmon peak is in the Co nanotriangle.

3.3.2.2 Geometry dependence of ferroplasmon
Figure 3-19 (a) shows the Z-contrast image of two pairs of AgCo nanotriangles on C substrate.
The spacing of the Ag and Co nanotriangles of the two pairs is 7.5 nm (right pair) and 4.5 nm
(left), respectively. In Figure 3-19 (b), the EELS spectra were taken from the corners of Co (, Ag,
and one edge of Ag nanotriangle, respectively, and these three regions were designated by the
green, red and blue squares. We did not observe a plasmon peak in the EELS spectrum taken
from the Co corner. Compared to the plasmon in the EELS spectra taken from an isolated Ag
nanotraingle, both of the plasmon peaks at the corner and the edge had a blue-shift to 1.59 eV
and 2.45 eV, respectively. Figures 3-19 (c) and (d) show the intensity maps of the plasmon
peaks located at 1.59 eV (dipole mode) and 2.45 eV (hexapole mode), respectively. In Figure 319 (c), we observed that the peak of the dipole mode was only intense at the corners of Ag, and
it suddenly disappeared when it approached Co. This is evidence that this dipole mode plasmon
cannot excite a ferroplasmon in this configuration, but that the Ag corner plamon is damped. We
did not observe a plasmon interaction in the Co region in Figure 3-19 (d) either.
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Figure 3-19 (a) Z-contrast image of two pairs of AgCo nanotriangles on C substrate. (b)
Typical EELS spectra were taken from the marked square regions with the same colors in
(a). (c) and (d) The intensity maps of the plasmon peaks at 1.59 eV and 2.45 eV, which are
intense at the corners and the edges of the Ag nanotriangles, respectively. No plasmon
appeared in the Co nanotriangles.

Figure 3-20 (a) shows the Z-contrast image of a pair of AgCo nanobowties on C substrate. In
Figure 3-20 (b), EELS spectra were taken from the four corners of the Ag nanobowtie. We
observed that the plasmon peaks in the three corners (#1, #2 and #3) are similar in energy at
1.65 eV, while the plasmon peak in corner # 4, which contacts with Co, disappeared. This
observation was consistent with the intensity map for the same peak in Figure 3-20 (c). This
reveals that the dipole mode plasmon of Ag was damped by Co when in contact. We assume
that the oscillation directions of free electrons are different in the two materials as indicated by
the arrow in Figure 3-20 (a). In Figure 3-20 (d), we observed that the plasmon peaks in the
EELS spectra taken from the neck and corner of the AgCo pair nanotriangles have blue shifts
compared to the case in the Ag nanobowtie, and the intensities of those two peaks decreased.
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Therefore, the dipole mode plasmon cannot induce ferroplasmon in the contacting material but
is suppressed (damped) by Co.

Figure 3-20 (a) Z-contrast image of a pair of AgCo nanobowties on C substrate. (b)
Representative EELS spectra with number were taken from the four corners of Ag
nanobowtie. (c) The intensity map for the plasmon at round 1.65 eV. The corner mode
plasmon quenched at corner # 4. (d) EELS spectra from the necks and corners in Ag
nanotriangle and nanobowtie. The plasmon was red shift (~0.4 eV) from the corner to the
neck (~1.25 eV) .

Figure 3-21 (a) shows the Z-contrast image of a pair of overlapping AgCo nanotriangles on C
substrate. In Figure 3-21 (b), the EELS spectra were taken from the corner (red) and the edge
(blue) of Ag, respectively. We did not observe a plasmon peak in the EELS spectra taken from
the Co corner and edge. Compared to the plasmon of isolated Ag, both of the plasmon peaks in
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the EELS spectra taken from the corner and the edge have a blue-shift of 1.53 eV and 2.59 eV,
respectively. Figures 3-21 (c) and (d) show the intensity maps of the plasmon peaks located at
1.53 eV (dipole mode) and 2.59 eV (hexapole mode), respectively. In Figure 3-21 (c) and (d),
we observed that the plasmon peaks were still intense at the corners and edges of Ag, and no
plasmon in the Co region. Both of the two plasmons had a blue-shift like in the case of the
nanobowties. In addition, compared with the isolated Ag nanotriangle, the intensity of the
plasmon peak at the edge significantly decreased. This is evidence that no ferroplasmon was
excited in these nanotriangles.

Figure 3-21 (a) Z-contrast image of a pair of overlapped AgCo nanotriangles on C
substrate. (b) Representative EELS spectra were taken from the marked square regions
with the same colors in (a). (c) and (d) The intensity maps for the plasmon peak at round
1.53 eV and 2.59 eV, which are intense in the corners and edges of the Ag nanotriangle,
respectively.
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In conclusion, no ferroplasmon was excited in AgCo nanotriangle systems. The Co affects the
electron density of Ag, leading to a blue-shift of the plasmon peaks of Ag, and even absence of
plasmon peak in some orientations. In the harmonic oscillator model only dipoles can induce a
forced oscillator in another system, but the dipole modes in the observed systems of bowties
and triangles enclose an angle that prevents such an interaction. The hexapol mode on the
other hand is damped by the dielectric response of Co. Therefore, those result revealed that
ferroplasmon has clear geometry dependence consistent with dipole-dipole interactions.

3.4 Ferroplasmon in AgFe bimetallic systems
To verify ferroplasmon excited by Ag’s intrinsic dipole mode plasmon, we investigated the LSPR
of AgFe/Fe systems on C substrate. We also can synthesize AgFe bimetallic NPs by the same
method used for AgCo since Fe is immiscibility with Ag. The fabrication procedure of the AgFe
bimetallic Np, which was performed by e-beam deposition and nanosecond laser deweeting
techniques, is the same with AgCo NPs. In addition, no evidence indicated that Fe had a
surface plasmon peak in a low energy range (below 4 eV).
Figure 3-22 (a) and (b) showed Z-contrast images of isolated Fe and AgFe bimetallic NPs on C
substrate, respectively. In Figure 3-22 (b), the bright side of the bimetal corresponds to Ag, and
the other side to Co. The diameters of the AgFe and isolated Fe were 82 nm and 92 nm,
respectively. Comparing to the EELS spectrum taken from the surface of Fe side in AgFe and
isolated Fe NPs, we observed that no plasmon peak appeared at the surface of the isolated Fe
NP in Figure 3-22 (c), while a significant plasmon peak (lower energy peak) appeared at the Fe
side of AgFe bimetallic NP. It is consistent with the AgCo system that the plasmon at the Fe
side is a ferroplasmon. In Figure 3-22 (d), EELS spectra were taken from three marked regions
of AgFe bimetallic NP in Figure 3-20(a): surface of the Fe side by dark cyan line, the surface of
Ag side as red line and the triple point as blue line, respectively. We observed that the plasmon
behavior for this AgFe NP (with a diameter of 92 nm) was very similar with that of the 90 nm
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AgCo bimetallic NP131. The quantitative data of these spectra are shown in Table 3-7. In all of
these three spectra there was a plasmon peak at around 2 eV, and its position varied slightly
while the width broadened. This plasmon at the Fe side was a ferroplasmon since no plasmon
existed in isolated Fe. This ferroplasmon was also excited by Ag’s lower energy plasmon like
that in the AgCo system. In addition, the high order multipolar mode plasmon peak of Ag located
at around 3.5 eV, which was intense at the Ag side and the triple point, damped fast within the
Fe side like in the case of in the AgCo system. Therefore, this plasmon did not interact with the
contacting material. Hence, the ferroplasmon was just excited by the lower energy plasmon of
Ag.
In Table 3-7, we observed that the plasmon energies of the ferroplasmon and the higher energy
plasmons in the three regions were very close. Their deviations are 4% and 6%, respectively.
The plasmon energy of peak had a slight change, which is consistent with the AgCo bimetallic
system. This indicated that the ferroplasmon was excited by the Ag’s lower energy plasmon
since its plasmon energy is stable throughout the bimetallic NP.

Table 3-7 Quantitative LSPR peaks’ positions, widths and plasmon energies from the
EELS spectra in Figure 3-20.

Region

Lower energy peak
Position (eV) Width (eV)

Higher energy peak

Ep1 (eV)

Position (eV) Width (eV)

Ep2 (eV)

Ag side

2.26

1.95

2.46

3.48

0.74

3.5

Triple point

2.42

0.985

2.47

3.56

1.23

3.61

Fe side

2.39

1.19

2.46

3.48

1.6

3.57

This result was confirmed that ferroplasmon can be excited when the Ag quasi-spherical NP in
contact with another material.
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Figure 3-22 (a) and (b) Z-contrast images of isolated Fe, AgFe bimetallic NPs on C
substrate, respectively. The bright side corresponds to Ag, and the other side to Co in (b).
(c) and (d) Typical EELS spectra were taken from the marked square regions with the
same colors in (a) and (b).
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3.5 Bulk plasmon behavior in Ag-Co/Fe bimetallic systems
In addition to the LSPR study, we also compared the bulk plasmon (BP) in the isolated metal
systems to the bimetallic systems to help understand the plasmon interaction. BPs, whose
energies can be described by the Drude theory, are characterized by the dielectric function that
involves a small real part of the Ɛ1 and an imaginary part Ɛ2 that goes through zero.
Pure Ag has two bulk plasmon peaks located at around 3.8 eV and 9 eV (see chapter 1) as
reported previously91. In Figure 3-23, low loss EELS spectra in energy range from 0.5 to 50 eV
were taken from the bulk regions of pure Ag (colored in red), Ag side of AgCo (dark cyan) and
that of AgFe (blue), respectively. There are two bulk plasmon peaks. Peak ① originated from
Drude-type oscillations by interband transitions, and peak ② was excited by classical DrudeLindhard oscillators. All the other three higher energy excitation originated mainly from interband
transition so the Drude plasmon cannot be used to interpret them. All of those peaks have been
reported by Alkauskas et al. in 2013.91 We observed that the BP peaks in the three spectra were
similar in both of positions and widths. The quantitative data was shown in Table 3-8. The
values in the table reveal that the BP energies are very close to these three NPs with a small
deviation of 1% and 6%, respectively. This confirmed that bulk plasmon did not change from
pure Ag to the Ag-M bimetallic systems.

Table 3-8 Quantitative BPs’ positions, widths and plasmon energies from the EELS
spectra in Figure 3-21.

Region

Position (eV) Width (eV) Ep1 (eV) Position (eV) Width (eV) Ep2 (eV)

Pure Ag

3.79

0.62

3.80

7.98

6.87

8.69

AgCo Ag side

3.79

0.84

3.82

7.97

7.35

8.78

AgFe Ag side

3.78

0.63

3.80

8.08

7.01

8.81
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Figure 3-23 EELS spectra range from 0.5 to 50 eV were taken from the bulk regions of
pure Ag (with red line), Ag side of AgCo (with dark cyan line) and that of AgFe (with blue
line), respectively. Peak ① and peak ② are bulk plasmon peaks, and the other three
peaks in higher energy are interband transition.

We also compared the bulk plasmon in both pure Co/Fe system and at Co/Fe side in AgCo/Fe
bimetallic NPs, respectively, which has not been reported yet. The theoretical BP energy of
Co/Fe is 20.9/23 eV according to Egerton64. In Figure 3-24 (a), the low loss EELS spectra from
0.5 to 45 eV were taken from the bulk regions of pure Co (red), Co side of AgCo (blue),
respectively. Peak 1 is the ferroplasmon peak in Co side of AgCo bimetallic NP. Peak 2 was
contributed by the π-π* interband transitions of the C193-194 substrate and the different Co-O
dielectric function.64, 86 Peak 3 and peak 4 were associated with the BP and interband transition.
We observed that the bulk plasmon in the pure Co and at the Co side did not have a significate
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change. The quantitative BP peaks’ positions, widths and the energies were showed in Table 39. We observed that the two BPs’ plasmon energies are very close with a small error bar of 1%.
This revealed that bulk plasmon did not change from pure Co to Co side of the AgCo bimetallic
system. Comparing to the theoretical BP energy (20.9 eV), they had a blue-shift because the
crystal structure of self-made Co is FCC, while the structure of the Co is hexagonal close
packed (HCP) in Egerton.
In Figure 3-24 (b), the low loss EELS spectra from 5 to 50 eV were taken from the bulk regions
of pure Fe (red), Fe side of AgFe (blue), respectively. Peak 1 and peak 2 were contributed by
interband transitions of C substrate and O. Because Fe is easy to oxidize, while the dielectric
function of Fe-O is difference from that of pure Fe. Peak 3 and peak 4 were excited by the BP
and interband transition. We observed that the bulk plasmon in the pure Fe and at Fe side did
not have a significate change. The quantitative BP peaks’ positions, widths and the energies
were also showed in Table 3-9. Comparing to the BP peak of pure Fe, the BP’s position has a
slight blue-shift and had a narrowed width. Their plasmon energies are very close with a small
deviation of 1%. This indicated that bulk plasmon did not change from pure Fe to Fe side of the
AgFe bimetallic system.

Table 3-9 Quantitative BPs’ positions, widths and plasmon energies from the EELS
spectra in Figure 3-22.
Region

Position (eV)

Width (eV)

Ep (eV)

Pure Co

23.02

12.68

23.87

Co side of AgCo

22.90

11.61

23.64

Pure Fe

23.78

6.55

24.00

Fe side of AgFe

23.92

4.44

24.02

85

Figure 3-24 EELS spectra range from 5 to 50 eV were taken from the bulk regions of pure
Co/Fe (with black line), Co/Fe side of AgFe (with red line) in (a) and (b), respectively. The
bulk plasmon didn’t have a significant change.

In conclusion, the BP did not have a significate change from the pure metal to the bimetallic
systems. Their oscillations were individual, just affected by the C substrate and O.

3.6 Summary
In summation,
1) Ferroplasmon originated from induced excitation by the Ag’s intrinsic dipole mode at low
energy, and it has an redshift with increasing particle size, consistent to the variety of the
plasmon positions of the isolated Ag NPs;
2) The high order multipole plasmon mode of Ag cannot interact with the contacting materials
(substrate or Co);
3) The bimetallic system, where Co/Fe replaced a half of Ag, is associated with one dipole
mode, consistent to pure Ag;
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4) The interface plasmon depends on the crystal structure but probably less depends on size. It
can be resolved when there are larger particle sizes and large crystals at the interfaces;
5) Ferroplasmons have a geometric dependency. Disc-skirt AgCo had ferroplasmons because
the plasmon excitation mode of Ag disc is similar to a spherical Ag, while nanotriangles and
nanobowties did not show a ferroplasmon since their dipole plasmon excitation modes enclosed
an angle between the different corner modes. Compared to the plasmons of the pure Ag
nanotriangles, the Ag triangles had a blue-shift in the AgCo pair systems, and even quenched
the plasmons in some orientations;
6) The BP did not have a significate change from the pure metal to the metal in the bimetallic
systems. The two metals’ oscillations were independent in bimetallic systems, and they were
just affected by the C substrate and O.
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Chapter 4 Excitons results and discussion
In this chapter, we discuss high binding-energy excitons in various semiconductors
characterized by monochromated EELS in STEM mode. We investigated the details of the
exciton on GaAs-AlGaAs-GaAs core-multi-shells systems. We propose a hypothesis to explain
these high intensity excitons, and provide other supporting evidences through results from
bleaching and band-bending. Because of the high intensity of these excitons, they could be
used to detect point defect distributions through EELS mapping (spectrum imaging).
Observation of the high binding-energy excitons is shown in section 4.1. The details of the
exciton in GaAs-AlGaAs-GaAs core-multi-shells systems are described in section 4.2.

4.1 Observation of high binding-energy excitons by monochromated EELS
Due to the weak bound of the electron and hole pair, the life time of the excitons is normally
very short in a semiconductors. The energy gained by the formation of an exciton has to be
higher than the thermal energy in order to observe these quasi-particles. And thus the study of
excitons is usually performed at low temperatures.
In this section, we reported that an exciton with high binding energy and long life time was
detected at room temperature on various semiconductors. Such a high binding energy exciton
was firstly characterized by EELS. These excitons were located in the far-infrared and infrared
wavelength range.
As shown in Figure 4-1, the experimental EELS spectra of the excitons were taken from 5
various materials: GaAs nanowire (NW) with black line, GaAs-AlGaAs-GaAs core multi-shells
NW with red line, GaN NW blue line, TiO2 nanoparticles and InP NW with pink line, respectively.
All the EELS spectra were taken inside the semiconductors at room temperature. Because
these EELS peaks do not exist in vacuum, we can rule out the possibility that they are the
localized surface plasmon. Details of the demonstration will be shown in section 4.2.1. We
observed that all of these spectra have a sharp exciton peak and their intensity maxima have a
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scattering probability of over 1000 ppm. These excitons were observed in many materials and
may be general features in semiconductors. The quantitative positions and widths of those
excitons are shown in Table 4-1. Specifically, we observed that the positions of the excitons are
in the far-infrared and infrared range varying from 0.5 to 1.3 eV. And the widths, which is
determined as the full width at half maximum (FWHM), are extremely narrow-- ranging from
0.15 to 0.40 eV. They are close to the EELS resolution, which indicates that these excitons
have a long life time.

Figure 4-1 Experimental EELS spectra were taken from 5 various materials: GaAs NW
(black line), GaAs-AlGaAs core multi-shells NW (red line), GaN NW (blue line), TiO2 NPs
dark cyan line) and InP NW (pink line), respectively. All of those spectra had a sharp
exciton peak.

89

Table 4-1 Quantitative positions, widths and areas of the excitons from the EELS spectra
in Figure 4-1.
Material

Position(eV)

Width(eV)

GaAs

0.904

0.226

GaAs-AlGaAs-GaAs

0.617

0.158

GaN

0.896

0.247

TiO2

0.638

0.234

InP

1.256

0.376

4.2 Exciton in GaAs-AlGaAs-GaAs core multi-shells systems
It has been reported that the so-called ‘EL2’ (deep donor) defect, which is a native point defect,
has an activation energy of around 0.8 eV in ‘un-doped’ GaAs126. The EL2 is an intrinsic point
defect probably involving one or more As antisites in GaAs124. The EL2 defect is neutral with two
“free electrons”. The excitation of this defect must be a Frenkel exciton with a bound electronhole pair where the hole is in highly localized position of the crystal. We investigated these
excitons in GaAs-AlGaAs-GaAs core multi-shells systems in detail. Based on the synthesis of
these NWs, the point defects are expected mainly in the outer GaAs shell. To explain the
excitation mechanism, we set up a hypothesis illustrated by a Jablonski diagram of singlet triplet states of the EL2 defect. In addition, we investigated band bending in NW/Au systems
and the temporal effect of signal bleaching to prove our hypothesis.

4.2.1 Exciton in GaAs-AlGaAs-GaAs NW
Figure 4-2 shows an EELS spectrum on a logarithmic scale taken from the inside GaAsAlGaAs-GaAs core multi-shells NW at room temperature. It is the same with the Figure 1-4 in
chapter 1. We observed that the spectrum had two exciton peaks. The lower energy exciton is
the high binding energy exciton; the other is a normal Wannier-Mott exciton.
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Figure 4-2 An EELS spectrum on a logarithmic scale was taken from the inside GaAsAlGaAs-GaAs core multi-shells NW. It had 2 exciton peaks.

Table 4-2 shows the quantitative positions, widths and intensities of the two excitons. Their
positions are at the far-infrared and visible wavelength range, respectively. The width of the
Frenkel exciton approached the energy resolution is much narrower than that of a Wannier-Mott
exciton. Therefore, the life time of this Frenkel exciton is much longer than that of the WannierMott one. The intensity of the Frenkel exciton is nearly 6 times that of the Wannier-Mott exciton.

Table 4-2 Quantitative positions, widths and intensities of the excitons in Figure 4-2. The
Frenkel exciton is much sharper than the Wannier-Mott exciton.
Exciton type

Position (eV)

Width (eV)

Intensity (ppm)

Frenkel Exciton

0.56

0.13

1015

Wannier-Mott Exciton

2.87

2.39

174

Figure 4-3 shows the Z-contrast image of a part of GaAs-AlGaAs-GaAs core multi-shells NW.
The diameter of the NW is 124 nm. The thickness of the outer GaAs shell is around 15 nm. In
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Figure 4-3 (b), ELS spectra were taken from different vertical regions along the labelled double
arrow in (a). We defined zero as the center of the NW. The red square represents the indicated
vacuum region. We observed that all the spectra inside the NW had an exciton peak and its
intensity increased from the center to the edge. This was a good agreement to the geometric
change of the thickness of the GaAs shell which has a similar change with distance. In addition,
the intensity of the exciton peak on the positive side is slightly higher than that of the bottom
because the large tail of the electron beam can bleach defects of ‘later pixels’ (We took the
EELS spectra from top to bottom. Exciton bleaching will be discussed later). However, the
exciton disappeared when the EELS beam was moved out of the NW into the vacuum.
Specifically, the black spectrum taken in the vacuum very close to the surface is similar to the
red one taken in a place far away from the surface. This comparison unambiguously shows that
the intense EELS peak is an exciton, not a surface plasmon whose intensity gradually
decreases from the surface to vacuum.

Figure 4-3 (a) Z-contrast image of a part of GaAs-AlGaAs-GaAs core multi-shells NW. (b)
Typical EELS spectra were taken from the different vertical points along the labelled
double arrow in (a). The ROI of the vacuum was designated by the red square.
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Figure 4-4 shows the profiles of the position and width as a function of the distance along the
labeled blue line in Figure 4-3 (a), respectively. We observed that the change of position is more
or less stable with a deviation of 1.8%. In comparison, the width increases significantly from
both two edges to the center. The broadening of the width may result from enhanced phonon
interactions with increasing thickness of the NW. The life-time of the plasmon will be reduced by
the phonon damping, and therefore leading to uncertainty of energy determination according to
the Heisenberg uncertainty principle.

Figure 4-4 The profiles of the position and width of the excitons as a function of the
distance along the labelled double arrow in figure 4-2 (a), respectively.

Figure 4-5 shows the profiles of the intensity of the exciton and the thickness of the GaAs shell
(15 nm) as a function of the distance along the labelled blue line in Figure 4-3, respectively. We
plotted the profile of the intensity in red line embedded with black dots. We observed that the
profile is more or less symmetric from the center to each side and nothing outside the NW. This
trend is consistent with the change of the spectra in Figure 4-3 (b). We plotted the geometric
profile of the thickness of a shell (15 nm) as a dark yellow curve with the orange triangles. The
comparison of these two curves in Figure 4-5 shows an excellent agreement. A slight deviation
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in the center is due to the electron broadening effect. Remember, the electron beam is
converged with an angle of ~20mrad, penetrating through ~100nm this pathway causes a well
focus beam to broaden by 2nm. Even small changes in the thickness of the shell will result in
dramatically different profiles. This confirmed that the intensity of the excitons is related to the
density of the point defects in the shell which were introduced into the GaAs shell during the NW
growth.

Figure 4-5 The profiles of the intensity of the excitons and the thickness of the GaAs
shell (15 nm) as a function of the distance along the labelled blue line in Figure 4-2,
respectively. They have a good agreement with each other.

4.2.2 Hypothesis
In Figure 4-6, a Jablonski diagram195-196 was used to illustrate the 2 electrons states of EL2 in
GaAs and the transitions of them. The EL2 has 2 electrons and is overall neutral. A defect level
with two electrons below Fermi level is enough to produce molecular states. The ground state of
the 2 electrons is the S0 state in GaAs, which is below the Fermi energy. In a Jablonski diagram,
the vertical axis represents to the energy state and the grouped lines paralleling with horizontal
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axis to the spin state multiplicity. The basic energy levels (CB, VB and EF) are indicated by red
dashed lines and the EL2 states by blue lines). The double arrows indicated the energy
differences between S0 and S1/T1, respectively (around 0.7 eV and 1.2 eV as determined in this
work), and radiative transitions by straight arrows. We postulate that the EL2 ground state is a
singlet state S0 which has two spin-paired electrons. The EL2-ground state is about 0.7 eV
below the CB. In optics, photoluminescence (PL) was observed at 0.7 eV but not in absorption.
In EELS we are likely able to excite this state directly. We postulate that EELS is able to excite
from EL2-S0 directly into the triplet state--EL2-T1 state. The high binding energy exciton around
0.6 eV was excited by this excitation path. Band bending will occur when a semiconductor is in
contact with a metal with different Fermi energy compared to the semiconductor. If the bend
bending is high enough the electrons of the singlet state S0 could be excited to the S1 state,
which is normally buried in the conduction band.

Figure 4-6 Schematic images of energy diagram of the 2 electron states of EL2 in GaAs.
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4.2.3 Evidence of the hypothesis
Here, two evidences will be shown to prove our hypothesis. One is that the exciton in GaAs
shell can bleach and be re-excited in minutes; the other is that band bending arises when the
Au NPs covered on the NW.
4.2.3.1 Bleaching
Due to the singlet-triplet nature of the states, the electrons can only jump back to the singlet
state after a spin flip, and therefore the exciton can be bleached. Such an excitation is long lived
and usually used in phosphorescent materials.
The two electrons in the S0 state were excited to the T1 when the electron beam incidented in
the GaAs shell, and a high energy binding exciton at around 0.6 eV was detected at the same
time. Because the spin-flip is rather rare, the excitonic states have quite long life-time and it
should be possible to excite more excitons than relax. The intensity of the exciton should then
decrease with time because of so-called bleaching124.
In Figure 4-7, EELS spectra were taken on the NW at different times at the same location. The
black spectrum at 0 minute represented that it was taken when the E-beam firstly penetrated the
NW. The red and the blue spectra were taken about 12 minutes and 20 minutes later,
respectively. We observed that the intensity of the exciton peak decreased continuously for
more than 12 minutes till it disappeared (not recorded). Then its intensity recovered after
additional 8 minutes. This behavior is commonly called bleaching. After all the electrons in the
S0 state were excited to the T1 state by the electron showered region, the S0 state were empty.
The life-time of the T1 state was longer than 5 minutes, and then the S0 –T1 excitation recovered
in less than 8 minutes. The position and the width of the exciton did not change during this
process. This result is consistent with the hypothesis of a molecular state causing these high
intensity excitons.
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Figure 4-7 Typical EELS spectra were taken at different times at the same location. The
intensity of the exciton slowly decreased continuously for more than 12 minutes till it
disappears (not recorded). Then the intensity recovered after additional 8 minutes. This
behavior is commonly called bleaching.
4.2.3.2 Band bending
Band bending arises when the semiconductor was in contact with metal NP and allowed
excitation into a previously buried state.
Figure 4-8 (a) shows the Z-contrast image of a gold bead on GaAs-AlGaAs-GaAs core multishells NW. The diameter of this NW is 116 nm. In Figure 4-8 (b), the EELS spectra were taken
from the bare NW and are shown as black line and the Au coated NW in red. Compared to the
bare NW, we observed that the exciton peak has a signal reduction and there is a blue shift of
the (AsGa) transition peak to 0.75 eV. The additional blue-shift of ~0.15 eV of the (AsGa) state
transition suggests a gold (Schottky-contact) induced band-bending. Furthermore, there is an
additional weak and broader peak at higher energy (~1.2 eV), which is consistent with an
electron excitation from the S0 to S1 state reported in the literature. The occurrence of both
these two excitons will be explained in the schematic sketch shown in Figure 4-10. Figure 4-8 (c)
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shows the typical EELS spectra taken from the NW coated Au along the blue labelled arrow at
different vertical regions in Figure 4-8 (a). We observed that all these spectra have two peaks.
The signal of the lower energy exciton decreased from the 0 nm to the interface (blue dot in Zcontrast image) of the Au and NW; in contrast, the signal of the higher energy exciton became
higher when the electron beam was moved towards a gold bead.

Figure 4-8 (a) Z-contrast of a gold bead on GaAs-AlGaAs-GaAs core multi-shells NW. (b)
EELS spectra were taken from the bare NW (black) and the Au coated NW (red). (c)
Typical EELS spectra were taken along the blue indexed arrow at different vertical
regions in (a).

In Figure 4-9, we plotted the profiles of the quantitative position, width and intensity of the lower
energy exciton (Peak 1 in blue) and the higher energy one (Peak 2 in red) as a function of the
distance along the labelled blue line in Figure 4-8 (a), respectively. In Figure 4-9 (a), the
positions of the peaks are more or less stable from 0 nm to 7.75 nm before contacting the Au
bead. The position of the lower energy exciton increased slightly because of the band bending;
in contrast, the position of the higher energy exciton decreased because the lower energy
exciton disappeared. In Figure 4-9 (b), the widths of the peaks decreased slightly from 0 nm to
3.41 nm because of the photon excitation with the thickness of the NW, which is similar with the
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bare NW. Then the width of peak 1 increased rapidly from 3.41 nm to 7.75 nm (the surface of
Au), and then disappeared; in contrast, the width of the peak 2 decreased within this distance
range, indicating the life time of the exciton becomes longer. Then the width keeps increasing till
it suddenly disappeared outside the NW. In Figure 4-9 (c), the intensity of the peaks increased
from 0 nm to 3.41 nm because of the increase of the GaAs shell thickness, which is also similar
with the case in bare NWs. The intensity of the peak 1 decreased from 3.41 nm to the surface of
the Au because the thickness of the GaAs shell decreased concurrently with reducing band
bending. However, the intensity of the peak 2 decreased because of the thickness of the GaAs
shell decreased, and then increased because of the band bending, and finally decreased in the
Au bead.

Figure 4-9 The profiles of the position, width and intensity of the two excitons as a
function of the distance along the labelled blue line in Figure 4-8 (a), respectively.

The above description can be understood when looking at the geometry of the investigated
system. Figure 4- 10 shows the schematic image of the cross-section of the NW along the blue
arrow line in Figure 4-8 (a). The full yellow circle refers to the gold bead. The blue arrow
corresponds to the blue arrow in Figure 4-8 (a). The white dashed lines indicate the lengths
which electron beam penetrated through the NW at different locations corresponding to the
regions where spectra was taken in Figure 4-8 (b). The red lines inside the NW indicated the
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effective distance of the peak 2, which was calculated by the intensity of peak 2 divided by the
whole intensities (Intensity of peak 1 plus intensity of peak 2). The dashed red circle represents
the effective volume of band bending. In this side view, the electron beam enters the GaAs shell
from the left side of the NW close to the gold bead, leading to a higher energy excitation. The
two electrons were excited from S0 state to the S1 state directly when the band bending is strong
enough to expose this state. However, the exciting e-beam travels a larger distance on the right
side than next to the gold bead (The bands do not bend on the right side away from the gold
bead) and produces an exciton from the S0 state to the T1, only. Under the assumption that S1
and T1 have the same scattering probability, we plotted the contribution of the S1 excitation the
red lines, which indicated the effective region of the higher energy exciton by the intensity ratio
of the peak 2.

Figure 4-10 Schematic image of the cross-section of the NW along the blue arrow line in
Figure 4-8 (a). Yellow ball refers to the gold bead. The big red arrow respected the
electron beam. The blue arrow corresponds to the blue arrow in (a). The white dashed
lines indicate the lengths which electron beam penetrated through direction at different
corresponding locations in (a) viewed in cross-section.
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The depletion length of a Schottky contact is typically in the order of several 10 nanometers,
which is consistent with our observations. Based on that, we plotted the band bending region
by the red dashed circle, centered on the gold – GaAs interface. Those above analysis are a
new way to detect and characterize Schottky barriers.

4.2 .4 Point defects distribution through EELS mapping (Application)
Due to the high intensity of the exciton originating from point defects, the distribution of these
defects can be mapped in 3-D semiconductors with EELS.
Figure 4-11 (a) shows the Z-contrast image of ROI of GaAs-AlGaAs-GaAs core multi-shells NW.
The EELS map was taken from the ROI region. In Figure 4-11 (b), the intensities of the high
binding energy exciton from the ROI were mapped by quantifying the EELS map. We observed
that the exciton is more intense in both edges of the NW. The concentration profiles of exciton
are supposedly constant at both sides because no significantly geometrical fluctuations were
observed. This map is consistent with the intensity and GaAs shell thickness profiles. Therefore,
this map presents the distribution of the point defects.

4.3 Summary
In summary, 1) the high binding energy exciton was detected universally at room temperature
by EELS for the first time. A point defect with 2 electrons (spin states) is necessary. 2) This
exciton is formed by molecular states; an electron from the S0 state is excited to the T1 state. 3)
This excitation can be bleached with time, and recovered soon. 4) Band-bending occurred when
the semiconductor is in contacting with Au NP. The high binding energy exciton has a signal
reduction and a blue shift introduced by the band bending. The higher energy exciton can be
excited from the S0 state to the S1 state when the band bending is large enough. 5) The
distribution of the point defects can be mapped through mapping the intensity map of the high
binding energy exciton.
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Figure 4-11 (a) Z-contrast image of a part of GaAs-AlGaAs-GaAs core multi-shells NW (b)
The intensity map of the high binding energy exciton. The red curve with pink dots
respected the profile of the intensity of the exciton as a function of the distance. The dark
yellow curve with the orange triangles indicted the profile of the thickness of GaAs shell
as a function of the distance.
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Chapter 5 Summary and future work
5.1 Summary
In this research, we focused on the excitation of quasi-particles in nanostructured systems. We
investigated plasmons in bimetallic systems and excitons in semiconductors.

5.1.1 Ferroplasmon
1) Ferroplasmon originated from induced excitation by the Ag’s intrinsic dipole mode at low
energy, and it has a redshift with increasing particle size, which is consistent with the isolated
Ag NPs; 2) The high order multipole plasmon mode of Ag cannot interact with the contacting
materials (substrate or Co); 3) The bimetallic system is associated with one dipole mode,
consistent with pure Ag where Co/Fe replaced a half of Ag; 4) The interface plasmon depends
on the crystal structure but probably less on size. It can be resolved at larger particle sizes and
large-grained interfaces; 5) Ferroplasmons have geometry dependence. Disc-skirt AgCo
particles have ferroplasmons because the plasmon excitation mode of a Ag disc is similar to a
spherical Ag, while the nanotriangles and nanobowties did not show a ferroplasmon since their
dipole plasmon excitation modes enclosed an angle between the corner modes. Compared to
the plasmons of the pure Ag nanotriangles, they had a blueshift at Ag nanotriangles in the AgCo
pair systems, and even quenched in some orientations; 6) The BP did not have a significate
change from the pure metal to the metal in the bimetallic systems. The two metals’ oscillations
were independent in bimetallic system, and they were just affected by the C substrate and O.

5.1.2 Exciton
In the exciton part, we reported the behaviors of the high binding energy exciton in
semiconductors: 1) The high binding energy exciton was detected in semiconductors at room
temperature by EELS for the first time. It is a universal exciton in many semiconductors. 2) This
exciton is excited form the S0 state to the T1 state. 3) It can be bleached with time, and
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recovered itself in minutes. 4) Band-beaning occurred when the semiconductor is in contacting
with Au NP. The high binding energy exciton has a signal reduction and a blue shift introduced
by the band bending. The higher energy exciton can be excited from the S0 state to the S1 state
when the band bending is larger enough. 5) The distribution of the point defects can be mapped
through mapping the intensity map of the high binding energy exciton.

5.2 Future work
1) Exciton enhancement by Alq3
In Figure 5-1, the EELS spectra were taken from the GaAs-AlGaAs-GaAs core multi-shells NW
bare and coated aluminum quinolone (Alq3) thin film. The intensity of the exciton was highly
increased by Alq3. It is unknown the mechanism of exciton intensity enhancement.
2) Plasmon-exciton coupling
It is highly probability to form a plexciton, which is induced by the plasmon-exciton
interactions197-201, by the high binding energy exciton and the plasmon of Ag. In Figure 5-2, we
observed that the energy range of the exciton and the plasmons has an overlapped region.
However, synthesis of the free-standing Ag triangle is challenging. Although in principle the Ag
triangle can be transferred from the ones on carbon films to the lacey carbon films which
provides free-standing site in the hole, practically the morphologies of the nanotriangles have
been changed during the transfer process. Therefore, we need systematic experiments on
synthesis and transfer techniques.
3) The exact excitation of a singlet to triplet state is not understood in detail. Such a transition
would require a spin flip of the excited electron. In optics such a spin flip transition can be
activated by a high spin-orbit splitting. This is not the case here because even vacancies show
this excitation. However, the influence of the magnetic field and the influence of the momentum
transfer during excitation have to be studied to clarify the physical mechanism of this optically
forbidden transition.
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Figure 5-1 EELS spectra were taken from the GaAs-AlGaAs-GaAs core multi-shells NW
bare and coated Alq3. The intensity of the exciton was increased by Alq3.

Figure 5-2 FEELS spectra were taken from the GaAs-AlGaAs-GaAs core multi-shells
coated Alq3 NW, corner of Ag nanotriangle and neck of Ag nanobowtie. The energy range
of the exciton of the NW and the plasmon of the Ag nanotriangle/nanobowtie has an
overlapped region.
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Guimarães, F. E. G.; Caface, R. A.; Arakaki, H.; de Souza, C. A.; Pusep, Y. A.,
Dynamics of photoexcited carriers in the presence of disorder in radial
heterostructured GaAs/AlGaAs/GaAs nanowires. Applied Physics Letters 2013, 103
(3), 033121.

172.

Jiang, N.; Gao, Q.; Parkinson, P.; Wong-Leung, J.; Mokkapati, S.; Breuer, S.; Tan, H.
H.; Zheng, C. L.; Etheridge, J.; Jagadish, C., Enhanced minority carrier lifetimes in
GaAs/AlGaAs core-shell nanowires through shell growth optimization. Nano Letters
2013, 13 (11), 5135-40.

173.

Kang, J. H.; Gao, Q.; Joyce, H. J.; Tan, H. H.; Jagadish, C.; Kim, Y.; Guo, Y. A.; Xu,
H. Y.; Zou, J.; Fickenscher, M. A.; Smith, L. M.; Jackson, H. E.; Yarrison-Rice, J. M.,
Defect-free GaAs/AlGaAs core-shell nanowires on Si substrates. Crystal Growth
Design 2011, 11 (7), 3109-3114.

174.

Zhou, H. L.; Hoang, T. B.; Dheeraj, D. L.; van Helvoort, A. T.; Liu, L.; Harmand, J. C.;
Fimland, B. O.; Weman, H., Wurtzite GaAs/AlGaAs core-shell nanowires grown by
molecular beam epitaxy. Nanotechnology 2009, 20 (41), 415701.

175.

Perera, S.; Fickenscher, M. A.; Jackson, H. E.; Smith, L. M.; Yarrison-Rice, J. M.;
Joyce, H. J.; Gao, Q.; Tan, H. H.; Jagadish, C.; Zhang, X.; Zou, J., Nearly intrinsic
125

exciton

lifetimes

in single

twin-free

GaAs ∕ AlGaAs

core-shell

nanowire

heterostructures. Applied Physics Letters 2008, 93 (5), 053110.
176.

Fickenscher, M.; Shi, T.; Jackson, H. E.; Smith, L. M.; Yarrison-Rice, J. M.; Zheng,
C.; Miller, P.; Etheridge, J.; Wong, B. M.; Gao, Q.; Deshpande, S.; Tan, H. H.;
Jagadish, C., Optical, structural, and numerical investigations of GaAs/AlGaAs coremultishell nanowire quantum well tubes. Nano Letters 2013, 13 (3), 1016-22.

177.

Jiang, N.; Parkinson, P.; Gao, Q.; Breuer, S.; Tan, H. H.; Wong-Leung, J.; Jagadish,
C., Long minority carrier lifetime in Au-catalyzed GaAs/AlxGa1−xAs core-shell
nanowires. Applied Physics Letters 2012, 101 (2), 023111.

178.

Joyce, H. J.; Parkinson, P.; Jiang, N.; Docherty, C. J.; Gao, Q.; Tan, H. H.; Jagadish,
C.; Herz, L. M.; Johnston, M. B., Electron mobilities approaching bulk limits in
"surface-free" GaAs nanowires. Nano Letters 2014, 14 (10), 5989-94.

179.

Mokkapati, S.; Saxena, D.; Jiang, N.; Li, L.; Tan, H. H.; Jagadish, C., An order of
magnitude increase in the quantum efficiency of (Al)GaAs nanowires using hybrid
photonic-plasmonic modes. Nano Letters 2015, 15 (1), 307-12.

180.

Saxena, D.; Mokkapati, S.; Parkinson, P.; Jiang, N.; Gao, Q.; Tan, H. H.; Jagadish,
C., Optically pumped room-temperature GaAs nanowire lasers. Nature Photonics
2013, 7 (12), 963-968.

181.

Gangilenka, V. R.; Titova, L. V.; Smith, L. M.; Wagner, H. P.; DeSilva, L. A. A.;
Gisslén, L.; Scholz, R., Selective excitation of exciton transitions in PTCDA crystals
and films. Physical Review B 2010, 81 (15).

182.

Wagner, H. P.; DeSilva, A.; Gangilenka, V. R.; Kampen, T. U., Modified chargetransfer emission in perylene tetracarboxylic dianhydride-aluminum quinoline layer
structures. Journal of Applied Physics 2006, 99 (2), 024501.

126

183.

Wagner, H. P.; DeSilva, A.; Kampen, T. U., Exciton emission in PTCDA films
andPTCDA∕Alq3multilayers. Physical Review B 2004, 70 (23).

184.

Wagner, H. P.; Gangilenka, V. R.; DeSilva, A.; Schmitzer, H.; Scholz, R.; Kampen, T.
U., Exciton absorption in PTCDA films,PTCDA∕Alq3multilayers, and codeposited
films. Physical Review B 2006, 73 (12).

185.

Chasse, T.; Wu, C.I.; Hill, I.; Kahn, A., Band alignment at organic-inorganic
semiconductor interfaces: α-NPD and CuPc on InP (110). Journal of Applied Physics
1999, 85 (9), 6589-6592.

186.

Hill, I.; Milliron, D.; Schwartz, J.; Kahn, A., Organic semiconductor interfaces:
electronic structure and transport properties. Applied Surface Science 2000, 166 (1),
354-362.

187.

De Broglie, L., La nouvelle dynamique des quanta. Electrons et photons. Rapports et
discussions du cinquième Conseil de physique tenu à Bruxelles du 24 au 29 octobre
1927 sous les auspices de l’Institut international de physique Solvay 1928, 105-132.

188.

Wang, K.; Huang, B.; Tian, M.; Ceballos, F.; Lin, M.-W.; Mahjouri-Samani, M.;
Boulesbaa, A.; Puretzky, A. A.; Rouleau, C. M.; Yoon, M., Interlayer coupling in
twisted WSe2/WS2 bilayer heterostructures revealed by optical spectroscopy. ACS
nano 2016, 10 (7), 6612-6622.

189.

Tian, M., Structural characterizations of photo-catalytic titanium oxide nanoparticles
made from amorphous building blocks. 2015.

190.

Tian, M.; Mahjouri-Samani, M.; Eres, G.; Sachan, R.; Yoon, M.; Chisholm, M. F.;
Wang, K.; Puretzky, A. A.; Rouleau, C. M.; Geohegan, D. B., Structure and
Formation Mechanism of Black TiO2 Nanoparticles. ACS nano 2015, 9 (10), 1048210488.

127

191.

Tian, M.-k.; Mahjouri-Samani, M.; Eres, G.; Sachan, R.; Chisholm, M. F.; Wang, K.;
Puretzky, A. A.; Rouleau, C. M.; Yoon, M.; Geohegan, D. B., Phase Determination of
Black TiO 2 Nanoparticles. Microscopy and Microanalysis 2015, 21 (S3), 815-816.

192.

Schmidt, F.P.; Ditlbacher, H.; Hohenester, U.; Hohenau, A.; Hofer, F.; Krenn, J. R.,
Dark plasmonic breathing modes in silver nanodisks. Nano Letters 2012, 12 (11),
5780-5783.

193.

Bangert, U.; Harvey, A.; Seepujak, A. In spatially-resolved EEL studies of plasmons
in silver filled carbon nanotubes using a dedicated STEM, Journal of Physics:
Conference Series, IOP Publishing: 2008; p 012087.

194.

Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A., Graphene photonics and
optoelectronics. Nature Photonics 2010, 4 (9), 611-622.

195.

Lichtman, J. W.; Conchello, J.A., Fluorescence microscopy. Nature Methods 2005, 2
(12), 910-919.

196.

Bandara, H. D.; Burdette, S. C., Photoisomerization in different classes of
azobenzene. Chemical Society Reviews 2012, 41 (5), 1809-1825.

197.

Achermann,

M.,

Exciton−

plasmon

interactions

in

metal−

semiconductor

nanostructures. The Journal of Physical Chemistry Letters 2010, 1 (19), 2837-2843.
198.

Delga, A.; Feist, J.; Bravo-Abad, J.; Garcia-Vidal, F., Theory of strong coupling
between quantum emitters and localized surface plasmons. Journal of Optics 2014,
16 (11), 114018.

199.

Tame, M. S.; McEnery, K.; Özdemir, Ş.; Lee, J.; Maier, S.; Kim, M., Quantum
plasmonics. Nature Physics 2013, 9 (6), 329-340.

200.

Wei, J.; Jiang, N.; Xu, J.; Bai, X.; Liu, J., Strong coupling between ZnO excitons and
localized surface plasmons of silver nanoparticles studied by STEM-EELS. Nano
Letters 2015, 15 (9), 5926-5931.

128

201.

Cade, N.; Ritman-Meer, T.; Richards, D., Strong coupling of localized plasmons and
molecular excitons in nanostructured silver films. Physical Review B 2009, 79 (24),
241404.

129

Vita
Ms. Jingxuan Ge was born in Kaifeng, Henan Province in China on Nov. 25th 1984. She was
admitted by Kaifeng No.25 high school in 2000 and from then on she became interested in
chemistry and physics. In 2003, she enrolled in the department of Chemistry and Chemical
engineering in Central South University (CSU) in Changsha, Hunan, and got her Bachelor’s
degree in 2007. She pursued her master degree in Materials science and engineering
department in CSU during Sep. 2008- Jun. 2011. Her master program was related to synthesis
and characterize of Al alloys, and her advisor is Dr. Ziqiao Zheng. She joined the materials
science and engineering department to pursue a PhD degree in University of Tennessee,
Knoxville in Jan. 2014. Her supervisor is Gerd Duscher. She investigates the quasi-particles
excitation in Nanostructured Systems.

130

